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IV.  Description of the achievements, set out in art. 219 para 1 point 2 of the Act
IV.1. Title of the achievement:

Deciphering molecular machinery, physical interactions, signal transduction,
and inhibition of the ferroptosis process

The researcher, Dr. Karolina Mikulska-Ruminska (referred to as ‘I’), does indicate that the
scientific achievement following the Act on Scientific Degrees and Titles consists of a series of
publications focused on the studies of the regulated cell death process called ferroptosis.



IV.2. Scientific aims, motivation, description of the results and possible applications

My scientific achievement is focused on the theoretical studies of a newly found form of the
programmed/regulated cell death process called ferroptosis. Ferroptosis is characterized by the
accumulation of lipid peroxides in the presence of iron, leading to their fatal levels in the lipid
membrane which eventually cause a cell death [1]. Although recent research has demonstrated
the importance of ferroptosis for human health and its correlation with different kinds of
diseases, many aspects of ferroptotic mechanisms are still poorly understood. Notably,
activating or blocking ferroptosis alleviates the progression of the disease, providing
a promising therapeutic strategy for many diseases [2].

The research presented as the achievement was commenced during my postdoctoral fellowship
in the group of Prof. lvet Bahar in the School of Medicine at the University of Pittsburgh
(Pittsburgh, USA) in collaboration with experimentalists, mainly the group of Prof. Valerian
Kagan from the Graduate School of Public Health at the University of Pittsburgh, and a group of
Prof. Hiilya Bayir from the Children’s Hospital of Pittsburgh. The Bahar lab’s expertise includes
elastic network models, computational and system biology research together with the
development of new bioinformatical tools, whereas the collaborators from experimental groups
were providing lipidomics experiments, mass spectroscopy measurements, imagining,
experiments on cells, and experiments that include animals and patient’s samples.

| joined the Bahar Laboratory as a physicist with experience in experimental and
computational biophysics and bioinformatics. The collaboration with all groups led us to the
first groundbreaking results on ferroptotic mechanisms published in three high-impact factor
journals [H1-H3]. After my return to the Institute of Physics at the Nicolaus Copernicus
University in Torun (Poland), I continued collaborative work on the ferroptosis topic, which
resulted in the next significant findings [H4-H8]. Further studies were carried out partially in
cooperation with yet other groups who provided experimental validation on different aspects of
the ferroptosis process.

1VV.2.1. Introduction and research motivation

The human body is composed of about 10'2-10'° cells [3]. All normal cells undergo growth
and death, and their lifetime is precisely regulated. Sometimes cell lines gain immortality
defined by growth above the Hayflick limit [4], which may lead to cancer [5]. There are two
main patterns of cell death: accidental (ACD), when cells are exposed to extreme
physicochemical or mechanical stimuli die uncontrollably, and regulated (RCD), being a part
of physiologic programs protecting our organisms against incontrollable immortality or being
activated upon adaptive responses failure [6]. RCD, essential for normal development [7] or
homeostasis [8, 9], is a natural and highly orchestrated process that takes place inside cells.
Traditionally, cell death has been divided into only two types: apoptosis and necrosis. However,
recent studies have shown that there are more RCD modes, such as pyroptosis (2001),
necroptosis (2005), or ferroptosis (2012), that have district morphological and biochemical
characteristics [2, 10].

In 2012, the scientific community was moved by the proposed concept of a new iron-
dependent and non-apoptotic form of RCD that is characterized by the formation and
accumulation of lipid peroxides that are causing massive lipid peroxidation-mediated
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membrane damage. This form was named ferroptosis [11, 12]. It was established that ferroptosis
is distinct from other RCD programs, and it does not have morphological characteristics of
typical necrosis or apoptosis [10, 11]. In fact, ferroptosis occurs in cells as reduced
mitochondrial volume, reduced or disappearance of mitochondrial cristae, and increased outer
mitochondrial membrane rapture [10, 11]. Mitochondria are the cell's powerhouses, and they
host cellular respiration, one of the most important processes in organisms. Therefore,
ferroptosis have a critical impact on diseases in the nervous system, heart, lungs, liver, or kidney
(Fig. 1). Moreover, it has been shown that ferroptosis is correlated with neurodegenerative
diseases, e.g., in Alzheimer's [13, 14], Parkinson's [15, 16], or Huntington’s [17] where the
observed levels of iron-dependent lipid peroxides are elevated, as well as in cerebello-cortical
atrophy, sepsis, bacterial and viral diseases [18]. Controlled induction of ferroptosis has
potential in cancer therapy and immunity [19-22]. Ferroptosis might be an essential cause of
multiple organ inflammation in COVID-19 [23-26], and can contribute to the degradation of
tissue, as it happens in kidney failure, brain trauma, and asthma [27-29].
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Figure 1. The role of ferroptosis in a variety of system diseases. Modified source figure [2].

Before presenting the methods of theoretical molecular biophysics employed to study the
mechanisms involved in the ferroptosis process, | need to introduce key biochemical concepts
for better understanding of my habilitation achievements.

Ferroptosis involves various biological pathways. It can be triggered by the loss of the
control of one over three major processes: iron metabolism (Fig. 2a, black dashed line), lipid
peroxidation (Fig. 2b, blue dashed line) or thiol regulation (Fig. 2c, red dashed line). Iron-
dependent lipid peroxidation is the main trigger for the activation of ferroptosis [28]. Since
a similar iron-driven catalytic scheme applies in more than one process, the hypotheses on the
types of iron-driven peroxidation processes vary from strictly enzymatic to non-enzymatic [30].
The non-enzymatic oxidation process occurs via the Fenton reaction (Iron Metabolic Pathway),
whereas the candidates for the enzymatic oxidation of polyunsaturated fatty acids (PUFAS) are
proteins called lipoxygenases (LOXs) [31]. PUFAs are essential components of biological
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membranes and regulate inflammation, immunity, cell growth, or synaptic plasticity [32, 33].
PUFAs are substrates of peroxidation during the ferroptosis process due to the presence of
a weak C—H bond at the bis-allylic positions (green circle in Fig. 4) [34]. PUFAs vary in the
number of double bonds, and a higher number of double bonds in PUFA increases its
susceptibility to oxidation [35]. Moreover, newly oxidized molecules can oxidize other PUFAS
[36]. To set my research in a proper perspective, three major metabolic pathways shown in Fig.
2, are further described.
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Figure 2. Overview of ferroptosis modulation and contribution from three main metabolic pathways.
(a) Iron Metabolic Pathway, (b) Lipid Oxidation Metabolic Pathway, and (c) Glutathione Metabolic
Pathway. Modified figure from [2].
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Iron Metabolic Pathway. In the human body, iron metabolism is strictly controlled at the cellular
and systemic levels using an adjusted balance between proteins to provide the precise amounts
of iron needed for biological functions [37, 38]. Iron might accept and donate electrons,
therefore, it can be found in an organism in ferrous (Fe?*) and ferric (Fe**) forms. In the
mitochondria, the O2-dependent oxidation of carbs fuels gives rise to reduced oxygen species,
i.e., ROS, which are important signaling molecules. However, ROS becomes toxic at higher
concentrations [39]. Iron may directly generate excessive ROS through the Fenton reaction [40],
thereby increasing oxidative damage and leading to lipid peroxidation, membrane damage, and
cell death [11]. In non-enzymatic lipid peroxidation, which refers to the Fenton reaction, Fe?* is
oxidized to Fe®* through a reaction with hydrogen peroxide (H20), resulting in the formation of
highly reactive hydroxyl radicals (OH®) (Fig. 3). Fe3* is further reduced back to Fe?* through
reaction with superoxide radicals (0.°*"), and hydroxyl radicals (OH®) abstract hydrogen from
PUFA forming a carbon-centered phospholipid (PL) radical (PL*®) as follows:

PL-H+R*—PL®+R-H 1)



Then, phospholipid radical PL*® can react with molecular oxygen (Oz), forming a phospholipid
peroxyl radical (PL—OQ®) which further abstracts hydrogen from another PUFA, creating
a phospholipid hydroperoxide (PL—OOH) and a new PL*®, which can consecutively react again
with another O». This drives the formation of the next PL—-OO® and propagates the radical
process to adjacent lipid molecules.

PL®*+ O, — PL-00° (2a)
PL-OO°® + PL-H — PL* + PL-OOH (2b)
PL-OOH + Fe?* — PL-0O® + OH™ + Fe®* (2¢)

The last step of peroxidation is termination, where numerous enough radical species
spontaneously react to yield non-radical breakdown products [39]. Moreover, PL-OOH may
decompose to 4-hydroxynonenal (4-HNE) or malondialdehyde (MDA) (Fig. 3), which by
crosslinking, may inactivate proteins [41]. The peroxidation process and generation of 4-HNE
or MDA lead to membrane instability and permeabilization and finally to the cell death.
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Figure 3. Non-enzymatic and enzymatic lipid peroxidation process. The non-enzymatic lipid
peroxidation process includes the Fenton reaction, i.e., Fe** is oxidized to Fe** through a reaction with
H>O, and generates highly reactive OH® radicals. Enzymatic lipid peroxidation includes here: (i)
lipoxygenase (LOX), which generates lipid hydroperoxides, and (ii) glutathione peroxidases 4 (GPX4),
which reduces reactive lipid hydroperoxides into unreactive lipid alcohols, which interrupts the free
radical chain reaction and suppresses further lipid peroxidation. Figure adopted from [41].

Before the Fenton reaction could occur, a few other required pathways should be executed and
work in a certain way (Fig. 2, black dashed shape). The iron metabolic pathway starts when
Fe3* enters through the membrane protein transferrin receptor 1 (TFR1), and it is converted to
Fe?* iron by iron reductase. The unstable Fe?* is then released into the labile iron pool (LIP) in



the cytoplasm by the divalent metal transporter 1 (DMT1). Here, the six-transmembrane
epithelial antigen of prostate 3 metalloreductase (STEAP3) reduces Fe®** enabling DMT1 to
export iron. Excess iron ions can be stored in ferritin in the form of Fe3* or remain labile by
being released via the membrane protein ferroportin (FNP) to maintain the labile iron pool at
a low level to avoid cell toxicity [38, 42]. HSPBL1 acts as a negative regulator of ferroptosis,
reducing the uptake of iron and lipid peroxidation [43]. Several other factors can additionally
impact the main iron regulatory pathway, e.g., the nuclear factor (erythroid-derived 2)-like 2
(NRF2) transcription factor, which is a modulator of iron signaling [44] or nuclear receptor co-
activator (NCOA)4 that mediates autophagic ferritin degradation [45].

Lipid Oxidation Metabolic Pathway. Iron is used for the synthesis of metalloproteins, such as
hemoglobin (oxygen transport) or cytochromes (electron carriers), to form organic (e.g., heme
group) or inorganic (e.g., Fe/S clusters) cofactors [10]. Since ferric iron is poorly soluble at
neutral pH [46], the organisms have developed means to absorb iron in a complex with proteins
which are called non-heme proteins [47], e.g., transferrins (use to traffic and import non-heme
iron) [48] or lipoxygenases [49] (catalyze the dioxygenation of PUFAs and generate PL—OOH,
ferroptotic cell death signal). Lipoxygenases are the main object of this study, and belongs to
the enzymatic aspect of ferroptosis.

Lipoxygenases (LOXs) are non-heme iron-containing enzymes that can catalyze the
oxygenation of free [50] (e.g., arachidonic acid, AA) or esterified PUFAs [H1] [PUFA-PLs;
e.g., phosphatidylethanolamine (SA-PE) or cardiolipin (CL)] [10] to generate various lipid
hydroperoxides, i.e., PUFAs with insertion of Oz into C-H bond flanked in two isolated cis-
double bonds in the oxidizable PUFAs tail (green circle, Fig. 4).

H H
& HsCR RCOOH
E? H3CRL>‘\_/RCOOH i =AY ®
o0 Jyo
LOX-Fe(lll)-OHo
(active) Peroxy radical
Hydrogen reduction
abstraction
- HCR RCOCH @
@ | g== o
ﬂ?? H,CR N RCOOH 05
LOX-Fe(l)-H,0 LOX-Fe(Il)-HO

_ \ HsCR RCOOH ;, Oxygen
Radical N ‘C_//\:/ | insertion
rearrangement H

LOX-Fe(ll)-H,0

Figure 4. A schematic diagram of LOXs catalytic reaction cycle. Most of the LOXs catalyze the
insertion of molecular oxygen into PUFA, leading to the formation of corresponding lipid
hydroperoxides in four steps: (1) hydrogen abstraction, (2) radical rearrangement to another carbon
center, (3) oxygen insertion to the rearranged carbon radical center, and (4) peroxy radical reduction.
Modified figure adopted from [51].



The catalytic reaction is similar among LOXs and includes four steps (Fig. 4):

Q) hydrogen abstraction from bisallylic methylene carbon of PUFA by the Fe(111)-OH™
cofactor, yielding Fe(II)~OH2 and formation of a fatty acid radical (PL*®),

(i) radical rearrangement to another carbon center,

(i) molecular oxygen (O2) insertion to the rearranged carbon radical, thereby forming
a phospholipid peroxy radical (PL—OO*®) bonded to the rearranged carbon, and

(iv)  reduction of the peroxy radical to its corresponding anion (PL-OOH) [51-53].
Such products can cause damage to the lipid bilayer of the membrane [49].

One should note that cellular lipids include thousands of lipid species that vary in quantity,
distribution, and functions. In fact, the higher concentration of PUFAs in the cell, the more
significant damage might be caused by the lipid peroxidation process and the extent of
ferroptosis, which can vary among diseases and organs/tissues [49]. Free PUFAs are the
substrates in these reactions. However, in some cases, such as phosphatidyl ethanolamine (PE),
first must be esterified with membrane phospholipids to be further oxidized to transmit the
ferroptotic signal [2]. This process involves two proteins, acyl-CoA synthetase long-chain
family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3), which
participate in the biosynthesis and remodeling of PUFAs in the esterification reactions [49]
(Fig. 2b, blue dashed line). Esterified PUFAs-PE can be further oxidized by LOXs, which
involve molecular oxygen binding on an iron center and conversion of molecular oxygen into
an active species to induce ferroptosis in cells [54]. Lipid peroxidation of PUFAS generates
different oxidation products, and some of them are highly cytotoxic and pathogenic [10].

The mammalian LOX family is coded by six known functional genes [12, 36, 51] which are
termed arachidonic acid lipoxygenase (ALOX). There are six human isoforms of LOXs (E3-
LOX, 5-LOX, 12-LOX-1, 12-LOX-2, 15-LOX-1, 15-LOX-2) that are categorized with respect
to their positional specificity of PUFAs oxygenation [55]. The digit indicates the number of the
carbon atom of sn-2 chain of PUFA at which molecular oxygen will be most often inserted.

It is worth mentioning that the P53-SAT1-ALOX15 pathway is also involved in the regulation of
ferroptosis [56]. SAT1 (spermidine/spermine NZ1-acetyl transferase 1) is an enzyme and a
transcriptional target of P53, which induction is correlated with the expression levels of 15L.0X, and
SAT1-induction of ferroptosis is significantly abrogated in the presence of a 15LOX inhibitor [2, 56].

Glutathione Metabolic Pathway. Cells have several escape mechanisms against cell death [57,
58]. In ferroptosis, such mechanism includes a protein called glutathione peroxidases 4 (GPX4)
which plays an indispensable role in the regulation of ferroptosis by reducing toxic lipid
hydroperoxides (PL-OOH) to non-toxic lipid alcohols (PL-OH), thereby limiting the
propagation of lipid peroxidation within the membrane (Fig. 5) [39, 59, 60]. In humans, several
GPXs (GPX1-8) vary in function, cell localization, and substrate specificity [61, 62]. Compared
to other GPX enzymes, GPX4 is unique in its ability to reduce large organic peroxides,
including polyunsaturated lipids and sterols [39], thus preventing the accumulation of lipid ROS
[11, 28]. GPX4 uses glutathione (tripeptide composed of three residues glutamic acid, cysteine,
and glycine), the most abundant thiol in animal cells [63], as a cofactor. Glutathione exists in
reduced (GSH) and oxidized (GSSG) states and is catalyzed by GPX4 in the following reaction:


https://en.wikipedia.org/wiki/Methylene_(compound)

2 GSH + PL-OOH — GSSG + PL-OH + H20 (4)

This reaction occurs in the GPX4 active site, which is formed by selenocysteine, glutamine,
and tryptophan (catalytic triad) and shuttles between oxidized and reduced states. The catalytic
cycle of GPX4 starts when the active selenol (Se—H) is oxidized by peroxides substrate to
selenic acid (Se—OH). Then, the first GSH molecule is used to reduce to an intermediate
selenodisulfide (Se—SG) which is further reduced by the second GSH molecule, releasing the
GSSG molecule [36, 39] (Fig. 5). GSSG can be regenerated to GSH form by the enzyme
glutathione reductase [22, 64] which utilizes NADPH as the source of the electron [65].
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Figure 5. GPX4 enzymatic reaction. Modified figure adopted from [39].

The influence of the glutathione generation has extracellular cystine, which is exchanged for
intracellular glutamate in a 1:1 ratio by the plasma membrane cystine/glutamate antiporter
(System Xc, Fig. 2) and then converted to cysteine, which is required to generate GSH.
Suppression of cysteine uptake leads to the accumulation of lipid peroxidation products [66].
In healthy cells, more than 90% of the total glutathione pool is in the reduced form (GSH) [67],
and the ratio of GSSG to GSH suggests the level of cellular oxidative stress [68]. Due to GPX4's
prominent role in catalyzing the reduction of lipid peroxides in a glutathione-dependent
reaction, it is called a key regulator of ferroptosis.

Additional ferroptosis pathways and regulators. Recent years have brought a dynamic increase
of interest in the ferroptosis process [69] which can be seen by the number of scientific articles
that are published each year (Fig. 6). Since the discovery of ferroptosis in 2012 by the
Stockwell’s group till November of 2022, a total number of 5031 publications were collected
by searching for “ferroptosis” in abstracts in the Web of Science. The effort of scientists who
are elaborating on ferroptosis shed light on new regulators and the involvement of other
metabolic pathways correlated with this process, and some of them will be described in this
paragraph.
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Figure 6. Annual frequency of publications in the field of ferroptosis. Plot generated based on the
information provided by the Web of Science database (from 22 IX 2022).

CoQ Metabolic Pathway. Except for the three major metabolic pathways described above,
scientists are still finding new relations between ferroptosis and other components of the
cellular system. It was recently established that glutathione-independent ferroptosis could be
stopped by the recently identified ferroptosis suppressor protein 1 (FSP1) [70, 71]. FSP1
contains an N-myristoylatated residue (lipidic modification) which mediates the recruitment to
the plasma membrane and a flavoprotein oxidoreductase domain required for suppressing
ferroptosis. Upon recruited to the plasma membrane-enriched organelles, FSP1 reduces
coenzyme Q1o (CoQ1o) to ubiquinol (CoQ10-Ho, Fig. 2), which further blocks lipid peroxidation
by acting as a lipid peroxyl radical trap [1, 70]. CoQ1o is a mobile lipophilic electron carrier that
synthesizes lipid-soluble antioxidants [72]. However, CoQ1o alone is not sufficient to stop the
propagation of lipid peroxides unless it is kept reduced as CoQ1o-H>, and then it can be used in
the following way [73]:

CoQ10-H2 + PL-O0°® — C0Q10* + H* + PL-OOH (5)

The product of this reaction, the ubisemiquinone-10 radical, Q10°*,, might further scavenge
another radical as follows:

CoQ10* + H"+PL-00°® — CoQ1o+PL-OOH (6a)

2 CoQ10* + 2 H" — CoQio-H2+ Q1o (6b)

FSP1 can also directly reduce oxidized CoQ1o to the reduced state by using NADH as a cofactor
[70]. It was suggested by Bersuker et al. that the FSP1 protection branch might be secondary
to GPX4, occasionally becoming primary in certain conditions [1].

Nitric oxide synthase. Inducible isoform of nitric oxide synthase (iNOS) generates NO [13],
whose reactivity towards different radical intermediates of lipid peroxidation was discovered
over 30 years ago [14]. We have shown that NO inhibits lipid peroxidation generated by
lipoxygenase complex with another protein called PEBP1 [H5-H6]. A description of this
finding will be explained in the Results paragraph.

Phospholipase iPLA2f. Our recent studies also showed that Ca?*-independent phospholipase
A2B (iPLA2B) could hydrolyze peroxidized phospholipids that are generated by lipoxygenases
and, therefore, can eliminate the ferroptotic cell death signal [H8]. A description of this finding
will be provided in the Results paragraph.


https://www.mdpi.com/1422-0067/22/10/5253/htm#B13-ijms-22-05253
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1VV.3.2. Methods used to obtain the achievement

Different types of computational biophysical approaches [74] and bioinformatics tools [75]
were used during this research study to simulate the physical interactions and dynamics of
biological systems involved in the ferroptosis process. The computational results were verified
by experimental studies provided by the US collaborators, mainly by Prof. VValerian Kagan and
Prof. Hiillya Bayir groups from the University of Pittsburgh. The descriptions of the
experimental techniques provided by the collaborators will not be included in this application,
only the candidate's most commonly used computational methods, briefly described below.

Molecular Docking. Molecular docking [76-79] is a method that allows predicting
a preferred orientation of one molecule (ligand: protein or chemical compound) vs. another
(receptor: protein) based on the well-established scoring functions, which evaluate the physical
interactions to obtain the highest binding affinity, in order to predict a stable complex [76, 77].
Both approaches, i.e., protein-protein docking and protein-ligand docking, were applied to
predict the structure of several complexes that were used in the achievement, including 15LOX-
1/PEBP1 and 15LOX-2/PEBP1 protein complexes [H1] as well as the initial position of the
substrates (PUFAs and PL-PUFASs) [H2, HE] and the most common ferroptosis inhibitor,
ferrostatin-1 [H7]. PEBP1/15LOXs models (15LOX-1 and 15L0OX-2) with/without substrates
were studied by our team very extensively, using both experimental and computational
approaches, and several essential observations were addressed therein [H4-H7].

Molecular Dynamics (MD) simulations. All-atom classical MD is a standard method that
has been used since the late 1970s [80, 81] in biophysics and biochemistry for analysis of the
physical movements of atoms and assemblies of molecules [82, 83]. MD involves the iterative
numerical calculation of instantaneous forces present in a biomolecular system, causing
movement of atoms in response to their molecular interactions according to the classical
Newton’s equations of motion (eq. 7) which describes the acceleration of atom i of mass m;
along a coordinate r; in time t.

- d?7(t
F 10, i=12..,N (7)

14 m; dt2 '
MD simulations are based on knowledge of the energy of the system as a function of the atomic
coordinates, which are provided by techniques such as NMR, X-ray, or cryo-EM. Such
coordinates are deposited and freely available in the Protein Data Bank (PDB) [84] and can be
downloaded as PDB files. The general approach is to estimate the forces acting on each atom,
which are related to the gradient of potential V with respect to the atom positions r (eq. 8) and
can be used to calculate evolution of the system as a function of time.

E)z _ﬁ;-iV(?l,...,?N) (8)

The energy functions contain many parametrized terms obtained for the past 50 years from
experimental and/or quantum mechanical studies. The constant improvements have finally
resulted in the set of functions and associated parameters applied to larger biological structures
and termed as a force field. Various force fields, e.g., CHARMM, GROMACS, OPLS,
AMBER, have been developed for MD simulation of proteins. Despite the differences, they are
all composed of the bonded and the non-bonded terms (Fig. 7). Bonded terms describe bonds,
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angles, and dihedral interactions within the protein structure, whereas the non-bonded terms
state for distant interactions such as electrostatic and van der Waals interactions.
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Figure 7. The classical force field in MD simulations. Modified figure adopted from [85].

In order to obtain the time evolution of positions r and velocities v of each atom in the
simulated system, numerical methods are employed. The most commonly used is the Verlet
algorithm [86], which meets all the requirements imposed on the numerical scheme for solving
the equations of motion — it is numerically efficient, stable, and accurate.

. . . 1, 9
F(t+A0) = (1) + BOAL + 5 d()AL 9)
v(t+ At) = v(t) + %At[&(t) + a(t + At)] (10)
i) = — 1 7V (#(t)) (11)
m

7 — atom position, t — time, 4z — time step, v — velocity, d — acceleration

Moreover, the initial velocities are usually assigned randomly based on the Maxwell-
Boltzmann distribution for a given temperature. The relation between temperature and
velocities of atoms in the system is described through the equation (12) for kinetic energy and
the principle of equipartition of (kinetic) energy:

N

1 3

EZ mv? = ENkBT (12)
i=1

ks — Boltzmann's constant, N — number of atoms, T — temperature,
mi — a mass of the i-th atom, v; — velocity of the i-th atom.

Having determined structures and characterized a physical system in terms of model
parameters, MD simulations are successfully used to provide a hint for further investigations to
experimentalists providing potential explanations of the phenomena that appear at the
molecular level.

MD simulations are effectively used by the scientific community for cases when biological
systems contain standard elements. The difficulty appears when it comes to the non-standard

elements, especially when they are an integral part of the biological system, e.g., the metal ion
in the catalytic site (lipoxygenases). In such cases, advanced parametrization knowledge and
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quantum calculations (Gaussian B3LYP/6-31(d,p)), which provide information about the
geometry and partial charges, are required. We successfully used MD simulations to explain
the dynamics and physical interactions of different components of biological systems involved
in the ferroptosis process [H4-H8], and some of them required parametrization of the catalytic
site with a metal ion (e.g., 15LOX-1 [H4], 15LOX-2 [H5-HT7]), or non-standard molecules,
e.g., ferrostatin-1 [H7] or lipid peroxides [H8]. More detailed information about classical MD
can be found in the following articles [83, 87, 88].

Elastic Network Models (ENMs). ENMs are classified as entropic models, which in the
past years demonstrated in many studies their abilities to successfully capture the long-term
dynamics of biological systems, providing experimental verifications of the predicted outcome
[89-91]. ENMs use simplified uniform harmonic potentials for the interacting components of
protein structure. We are considering residues represented by their C* atoms for protein
structures. In ENMs, we can distinguish two types of modes: low- and high-frequency modes,
which provide a simple and interpretable description of the protein's collective motion. It has
been shown that low-frequency normal modes correspond to the cooperative motions of large
parts of the protein structure, which are essential for protein function, and their long-range
character enables allosteric interaction of various parts of the protein structure that are spatially
distant from one another [92-94].

There are two simple yet powerful ENMs models for predicting collective dynamics of
protein structure that are giving good correspondence to the experimental observations: the
Gaussian Network Model (GNM) introduced by Prof. Ivet Bahar (former P1 of the candidate)
and coworkers [95], and its extension to three dimensions described as Anisotropic Network
Model (ANM) [96]. GNM network is composed of beads/nodes whose position Rk is
represented by C* atom for each residue from protein structure (Fig. 8A). Springs connect
residues located within a cutoff rc distance (e.g., 10 A). For two nodes i and j, there are
equilibrium position vectors, Ri®and R;°, from which we can obtain equilibrium distance vector
Ri° (Fig. 8B). Nodes and inter-residue distances Rjj undergo Gaussian fluctuations, which are
defined 4R; for node i and 4R; for node j, thus instantaneous fluctuation vector between nodes
i and j is expressed as follows: ARij = ARj - ARi.

A

Figure 8. Concept of the Gaussian Network Model. (A) Representation of protein structure with beads
corresponding to C* atoms and springs connecting beads within cutoff distance. (B) Schematic
representation of two beads/nodes, i and j, in GNM concept. Modified from Wikipedia.
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The potential energy of the network is defined based on the theory of elasticity of Flory [97]
and the Rouse model [98] for polymers in eq. 13 where y is a force constant uniform for all
springs, and 77 is the ij-th element of the Kirchhoff matrix of inter-residue contacts (eq. 14-15).

N
Venm = g Z(AR]- —AR)’| = Z AR;I;;AR; | = gARl"AR (13)
0
Force constant Kirch@ff matrix [
/ 1 -1 _[ ARl ]
-1 2 -1 | AR, |
’E'[AR1 AR, AR; .. ARy, ARy]| ~1 2 | BRs | (14)
-1 2 -1 [ARN—1J
(—Lifi#jand R;; <1
| o, LflijandRU > 1,
=1 (15)
l Z iy if i =
]]#—'l

In contrast to GNM, which is limited to the evaluation of the mean squared displacements
and cross-correlations between fluctuations where the motion is projected to a mode space of
N dimensions, the ANM concept permits us to evaluate directional preferences by providing
3D descriptions of the 3N-6 internal modes. Therefore in ANM, the force constant of the system
is described by the Hessian matrix H, which is composed of the second partial derivatives of
the potential V (eg. 16).

H11 H11 HlN
(16)
Hy, H H
H = 21 11 1N
HN1 HNN -----
02V 8 9%V ]
0X,0X; 0X,0Y, 0X,0Z
N, | e o
S|V T |avax; vy, Y0z
2V 9%V 9
02,0X; 0Z;0Y, 0Z;0Z;]

More details of GNM and ANM concepts can be found in extensive reviews [95, 99-105].

Based on the ENMs concept, we can obtain different types of analysis which were
successfully used to obtain results present in the achievement, e.g.:
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Cross-correlation between residue motions (eq. 17) is defined by the Kirchhoff matrix
(connectivity matrix, 75, NxN in the GNM) to analyze protein structures to infer their
dynamical properties and predict regions that will exhibit highly correlated (values ~0.7 to
1) and anti-correlated (-0.75 to -1) motions. Non-correlated regions (values ~0) are called
hinge sites and play a significant role in predicting potential inhibitory binding sites that may
affect collective protein motions, thus leading to the loss of protein function. This approach
helps to identify potential allosteric sites in the protein structures [H1, H3-H4][A3].

Perturbation Response Scanning (PRS), adopted to GNM (eq. 18-19), is based on the linear
response theory [106] and allows to evaluate of residue displacements in response to external
forces F to predict the effectiveness and sensitivity of residues for allosteric signal transduction
within the protein structure [107-109][H4][A3]. The strongest effectors can be interpreted as
elements that apply global control over the propagation of allosteric signals to a partner
(protein/ligand). The strongest sensors define effective receivers of allosteric signals involved in
the execution of allosteric structural changes. In this concept, the i-th element of AR; designates
displacement of the i-th residue away from its equilibrium position in response to the exerted
force F. Next, we evaluate the response 4R of all residues to a unit force applied to the j-th site
using the operation, I''F;j, where F; is composed of all zeros except for the j-th element that is
equal to one. Repeating (scanning) this procedure for all sites yields a response matrix [H4].

Perturbation Response
v Ir~'F = AR (18)
[ F, '| [ AR, 1
F, | AR, |
y_lr_1| Fs |: ARy (19)
[F,HJ ARy,
Fy ARy

Signature dynamics (SignDy) to evaluate characteristic features of a protein family
dynamics and to classify proteins based on their collective dynamics [110][H4].

Mechanical Stiffness calculations (MechStiff) to determine mechanical resistance to
external force, i.e., uniaxial tension applied at specific pairs of residues in the protein
structure. This concept uses ANM to construct a map of the mechanical response of all
residue pairs in a given protein to uniaxial deformation. The theory is introduced and
described in detail in [105], and application to protein structure can be found in [H4, A4].

ProDy. The analysis applied to obtain the results for the achievement was written in Python code
in the ProDy package [111, 112][A6]. As a postdoc in Prof. Ivet Bahar lab, | participated in
developing this open-source package [A4-A6] that is extensively used by the scientific community
(>2.3 min downloads). | provided >2 200 lines of code, which were included in ProDy (Github
data), and >50 000 lines of code which were used in independent scripts shared with other scientists
via Supplementary Materials in published publications.
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I1VV.3.3. Results and description of publications

The habilitation achievement concern enzymatic aspects of the RCD program called
ferroptosis, and it is focused mainly on the lipoxygenases (LOXSs) that are giving the biggest
contribution to the generation of lipid peroxides causing massive lipid peroxidation and
membrane damage in that process. The achievement includes two main directions/goals:

A. to decipher the molecular basics of ferroptosis related to lipid peroxidation
generated by lipoxygenases 15LOXs, and
B. to inhibit the ferroptosis process by acting on 15LOXs structure or its products.

For this reason, 1 will discuss the papers in thematic groups concerning molecular mechanisms
of ferroptosis at the atomic level and inhibition studies using (i) nitric oxide, (ii) ferrostatin-1,
which is the most common ferroptosis inhibitor, and eventually, (iii) phospholipase role in the
hydrolysis of lipid hydroperoxides that are generated by 15LOX complex with PEBP1.

A. Exploring the fundamental mechanisms of the ferroptosis process

Human lipoxygenases. A number of LOX-knock out cells experimental studies showed
controversial results, which only partially confirm the involvement of lipoxygenases [113, 114]
in the ferroptosis process, suggesting that yet another factor is needed for the PUFA-PL
peroxidation. Indeed, in [H1] we discovered that ferroptosis is a cell death program executed
via selective oxidation of SA-PE by 15-lipoxygenase (both isoforms: 15LOX-1 and 15L0X-2)
complexed with a protein called PEBP1, and this complex promote ferroptosis [H1].

PEBP1 is a highly important regulatory protein that is involved in different kinds of RCD
programs [115]. It has been shown in numerous studies that PEBP1 interacts not only with
lipids [116, 117] or small molecules [118] but also with a diverse number of RCDs-associated
proteins, such as RIP3 (necroptosis [115]), Raf-1 (necroptosis [115]), and LC3 (autophagy
[119][A1]). We showed the importance of PEBP1 in the regulatory mechanism of yet another
RCD program — ferroptosis — in airway epithelial cells in asthma, kidney epithelial cells in renal
failure, and brain trauma [H1]. We revealed that upon PEBP1 binding, human 15LOX changes
its substrate specificity from classical LOXs substrate, i.e., free PUFA [51] (AA) to esterified
PUFA-PL (SA-PE) to generate hydroperoxy-PE (also called 15-HpETE-PE) which is used as
a cell death signal of ferroptosis [H1].

In order to provide insight into the molecular level of different components of the ferroptosis
machinery, |1 employed computational biophysics tools to generate structural models of the
human 15LOX/PEBP1 complex using molecular docking simulations [H1]. Prediction of the
physical models of the human 15LOX/PEBP1 complex provided detailed information about
their binding interfaces and their physical interactions within residue pairs (Fig. 9A (15LOX-1
(upper panel) and 15LOX-2 (bottom panel)) [H1]. That information was further used to suggest
potential mutations (e.g., P112E in PEBP1) and modifications (a truncation of the C-term helix,
Fig. 9, bottom panel) in PEBP1 structure to verify the proposed computational model in
mutagenesis studies performed by the collaborators [H1].
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direction) motions. The spatial model of the complex is color-coded by substructures that undergo
anticorrelated movements in the GNM principal mode. Source: mainly [H1] collected from different figures.

Proteins are dynamic objects that undergo structural transitions. These are essential to their
functions but not fully captured by the experimental studies (crystallography, NMR), which
provide only a small number of structural poses that are deposited in the PDB database. To
obtain information about the long-term collective dynamics of the 15LOX-1/PEBP1 complex,
| used elastic network models (GNM and ANM) to provide a possible explanation of why the
substrate specificity of 15LOX-1 can change upon binding with PEBP1. My ANM predictions
imply that after complexation with PEBP1, 15LOX-1 gains a new low-frequency mode which
may change LOX specificity, and this mode is not accessible for 15LOX-1 alone (Fig. 9Ba,
Video in [H1]). Molecular docking applied to the 15LOX-1/PEBP1 conformations, which were
changing along the predicted ANM mode, showed differences in SA-PE binding and
accessibility to new binding spots localized closer to the catalytic site (pink ovals, Fig. 9Bb).
Moreover, the complex formation affects the relative motions of different regions of 15LOX-1
along the principal mode of GNM motion compared to the isolated 15LOX-1 (Fig. 9Bc).

Afterward, we studied the effects of PEBP1 on the enzymatic oxidation of free AA. In the
absence of PEBP1, 15LOXs exert high activity toward free AA than for SA-PE [H1].
Everything is changing in the presence of PEBP1. Therefore, we tested PEBP1 capacities of
AA binding using its two models, native structure (WT) and its mutant (Y176X with truncated
C-term helix starting from Y176), including experimental and computational approaches. The
experimental studies detected three, six and nine binding spots for WT PEBP1. Therefore,
| predicted up to nine possible binding sites, which were further verified by all-atom MD
simulations (7 poses stayed stably retained) [H1]. Experiments demonstrated that deletion of
the C-terminal helix of PEBP1 greatly reduced AA binding, and that was also implied by the
computational studies for Y176X PEBP1 (figures®: Fig.6F, Fig. S6A,C; available in [H1]). In
this studies, my work was guiding and supporting experimental studies by providing molecular
explanation of the mechanisms that may occur in the biochemical systems.

Our next [H2] paper provided a possible explanation for why the enzymatic complex of
15L0X-2 and PEBP1 selects SA-PE substrate among ~100 total oxidizable membrane
phospholipids. To uncover the selective and specific mechanisms of catalytic competence, we
used redox lipidomics, mutational analysis, and computational biophysics to reveal that they
are related to (i) reactivity toward readily accessible membrane with SA-PEs, (ii) the relative
preponderance of PUFA PE species compared to the other PUFAs, and (iii) allosteric
modification of human 15LOX-2 upon complexation with PEBP1.

Computational modeling was involved in explaining the allosteric modulation of 15L0OX-2
after PEBP1 binding [H2]. | combined two approaches, molecular docking, which provides the
binding affinity of two structures (in this case, 15LOX-2/PEBP1 complex and SA-PE), and
normal mode analysis, which predicts collective modes of protein assemblies (15LOX-2/PEBP1
complex). The goal was to show how the substrate binds to the catalytic site of 15LOX-2 in bound
form with PEBP1 upon movement of ANM global mode 1 (Video in [H2]). This approach was
used to show that low-frequency mode appeared upon PEBP1 interactions with 15LOX-2. We

! Figure references in italics refer to figure numbers in [H1-H8] publications.
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observed movements of the flexible helix decreasing the active site entrance hence restricting
accessibility for lipids with large head groups (Pl and PC) but not for PE lipids [H2].

Bacterial lipoxygenase. We showed that ferroptosis is a regulated cell death program that
can be executed via selective SA-PE oxidation by human 15LOX/PEBP1 complex [H1-HZ2].
15LOXs are widely represented in many eukaryotic cells [120, 121], however, they are also
present in prokaryotic bacteria [122, 123]. Therefore, we conceived studies that included
15LOX from the bacteria Pseudomonas aeruginosa, which is considered as a pathogen with
high medical importance. Firstly, because it is commonly found in natural environments such
as soils, plants or waters and causes diseases not only in humans but also in plants and animals
[124]. Secondly, because the World Health Organization (WHO) included P. aeruginosa in the
WHO list of the critical priorities due to its infecting abilities and multidrug resistance [125].

We showed in [H3] that P. aeruginosa had developed a capacity to use a unique enzyme,
15-lipoxygenase (called pLoxA or PA-LOX), to hijack the ferroptotic death program, i.e.,
utilize host polyunsaturated SA-PE to trigger theft-ferroptosis in the bronchial epithelium cells
which not only destroy the epithelial barrier but may compromise immune-stimulating
functions [H3]. Surprisingly, this type of bacteria does not contain PEBP1 or SA-PE lipids in
its system, but still, it is able to express pLoxA, oxidize host SA-PE to 15-HpETE-PE, and
trigger ferroptosis in humans. Experiments on samples isolated from patients with persistent
lower respiratory tract infections, provided by collaborators, showed high levels of oxidized
SA-PE in patients with cystic fibrosis [H3], in which P. aeruginosa causes long-term chronic
airway infections, often lasting for years. This evolutionarily conserved mechanism, detected
in [H3] studies, i.e., pLoxA-driven ferroptosis, might be a potential therapeutic target to treat
patients with pathology of cystic fibrosis which represents the most common autosomal
recessive disease (Caucasian population; 1/3500 births) [126].

To provide a detailed explanation at the molecular level, | used computational biophysics
approaches and structural models of bacterial pLoxA and human 15LOX/PEBP1 complexes to
explain why pLoxA can trigger ferroptosis without PEBP1 [H3]. Based on the detailed analysis
of the structural alignment of eukaryotic and prokaryotic 15LOX structures, | have identified
special features of the human 15LOXs members that are also conserved in pLoxA structure and
required for the oxidation process of SA-PE, however, not noticeable via sequence alignment
(Fig. 10A, highly conserved residues in blue and Fig. S7A in [H3]). | also showed that despite
the large structural similarity of the prokaryotic and eukaryotic models, pLoxA has two
additional helices which are absent in the mammalian 15LOXs (Fig. 10B). Normal mode
analysis using GNM implied that those additional helices may serve in pLoxA as a lid and
additionally modify the organization of the catalytic site to favor the binding of bulkier
substrates, such as SA-PE instead of AA, just like PEBP1 for the human 15LOXs (Fig. 10C).
Moreover, | showed that the softest ANM mode (global mode 1) disclose the passage between
substrate-bound and unbound structure provided by the crystallography and deposited in PDB
(Video in [H3]). It additionally demonstrates the reliability of the predicted movements/modes
by the elastic network models.

18



A B lid-helices in pLoxA

Q) lid-helices W8
S P ’» i\
AL o @QVNYERY |

o 1 '(‘1?/\/*'0‘\ Y

Y 'f-/ﬁ‘:‘.’l;\\\‘ }‘\‘ff 3, TT,‘) S ‘? -
E 3 » BRI o
# J\ ﬁ‘\‘r‘ L V)‘.' A TR
ﬂ/ =] oy P

pLoxA
m 15LOX-1
H 15LOX-2

GNM mode profile
PEBP1 15L0OX

al a2

E Y181
A9551 /703 382 R407 g1

[} 100 200 300 400 500 600 700

Residue index

Pseudomonas aeruginosa
Lack of PEBP1
Lack of SAPE

P27 H19]

J2)

1

along mode 1

D207

Distribution of motions
along mode 1

Distribution of motions

0 100 200 300 400 500 600

Residue index

Figure 10. Dynamics and sequence conservation of pLoxA structure and its comparison with the
human form. (A) Ligand-binding site in pLoxA structure, and comparison of a pair of Arg-Phe,
represented by both bacterial and mammalian LOXs. The structure is colored by the sequence
conservation (red-white-blue) based on the LOXs family members. (B) Structural comparison of pLoxA
and mammalian LOXs (15LOX-1 and 15LOX-2). The structural alignment displays the missing f-barrel
of the bacterial pLoxA and its two additional a-helices, (C) Comparison of the GNM global motions of
pLoxA and 15LOX-1 complexed with PEBP1. Displacements of residues along the global mode axis
obtained from GNM analysis of 15LOX-1/PEBP1 complex (left panel) and pLoxA (right panel) dividing
the structure into two domains that exhibit anti-correlated motion. Residues at the hinge sites (crossover
region, in white) are labeled. The correlated groups of residues are shown in red or blue. Source: [H3].
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Next, | used all available LOXs sequences from the Pfam [127] database (>230 sequences
of LOXs; raw data prepared by Dr. James Krieger in the evolutionary analysis of LOXs
sequences) to display the pairwise sequence identities and a corresponding phylogenetic tree
with the particular emphasis on different bacteria (Fig. S8 in [H3]). It revealed the tendency of
residues located near the catalytic site of LOXs to be conserved, whereas peripheral regions,
including additional helices that distinguish pLoxA from mammalian 15LOXs, exhibited
significant sequence dissimilarity.

We looked more closely at the whole LOXs family, particularly the structural properties and
dynamics, which may give detailed information about signal transduction, correlation, and
functionality of different protein regions [H4]. Such modeling across different species and types
can help to understand the mechanisms of actions shared by family members as well as the
specificity assigned to individual members, e.g., why 15LOX-2 demonstrates specificity toward
inserting Oz exclusively at C15 position of PUFA and 12LOX at C12 and occasionally at C15,
or why some LOXs prefer linoleic acid (LA) and not above mentioned as a preferable substrate,
arachidonic acid (AA).

In this fully computational study, we used structure-based models and methods together with
bioinformatics tools to analyze 88 available crystal structures of LOXs deposited in the PDB
database, and we classified LOX family members based on their: (i) sequence, (ii) structure,
(iii) dynamics, and (iv) allostery. I performed all the computations and most of the analysis in
[H4] study, and due to their extensiveness, only the main points will be presented here.

In [H4], | estimated that among LOX family members, the sequence identifies (SID) is
relatively small (SID: 28.6 + 3.7 A, Fig. 11A), but at the same time, the family shares a similar
fold (RMSD ~2.3 A, Fig. 11B). The largest structural variation occurs at the p-barrel domain
and the lid helices [H3-H4]. Next, based on the newly developed by Dr. J. Krieger, Dr.
S. Zhang, and Dr. H. Li (co-authors of [H4]) ProDy module (SignDy), | computed signature
dynamics plot, e.g., mean-square fluctuations of residues for the whole LOX family based on
available crystal structures (Fig. 11C, blue curve) and its standard deviation (light blue band).
This type of analysis provides similarities (low standard deviation, Fig. 11C) and differences
(high standard deviation, Fig. 11C) among a particular family of proteins based on their
dynamics estimated from ENMs, in our case, ten low-frequency modes of GNM. The analysis
revealed that the functional sites (catalytic residues, highly important sequence motifs, e.g.,
WxxAK, WxxD) undergo minimal movement (occupy minimum in Fig. 11C, yellow boxes)
due to the tight orientation that is required for the enzyme’s mechanochemical activity [128].
Also, the collective dynamics is shared among all LOXs (narrow band in Fig. 11C) except five
peak regions denoted by colored bars along the upper abscissa and displayed on the spatial
structure of pLoxA (Fig. 11C, in red on the right panel). Detailed analysis of low- (left panels)
and high-frequency (right panels) modes showed differences between different LOX species
(Fig. 11D). Notably, Region 5 may help to customize the precise positions of specific substrates
at the catalytic site (as implied in [H2]). Its anticorrelated motion may be facilitating access of
putative oxygen assess the catalytic site (shown in [H5-H6] to be Entrance 1 for 15L0OX-2)
with the conserved blocks including the WxxAK and WxxD motifs (Fig. S3 in [H4]). Further,
based on the similarities of the collective dynamics of individual LOX, | was able to provide
subgroups within LOX family members, e.g., group them based on the dynamics (Fig. 11E).
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Figure 11. Sequence and structure properties of the LOX family members deposited in the PDB
database. (A) Histogram of sequence identity (SID) and corresponding SID per residue displayed on
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the spatial structure of pLoxA. (B) Distribution of RMSDs and structural alignment of LOX structures,
(C) Signature dynamics plot for LOX family members. Results are based on 88 PDB structures. Regions
1—5 (high peak regions) shown on the representative pLoxA structure are centered around D207-R211,
1250-E276, A338, S585-S588, and A666-R668. WxxAK motif comprising residues W357-K361 in pLoxA.
(D) Low-frequency modes (modes 1-3) and high-to-intermediate frequency modes (modes 4-10) for 13
representative LOX family members. (E) Distribution of LOXs in the subspace spanned by the two
principal components obtained by PCA. Source: [H4].

The data presented above was a basis for conducting other essential ENM-based analyses that
provided similarities and variations among LOX family members. All the analyses, including
cross-correlation between the spatial fluctuations of different regions in LOX members (Fig. 3
and Fig. S3 in [H4]) and the PRS which evaluate the role of LOX residues as sensors and
effectors of allosteric signals in the LOX family (Fig. 4 in [H4]) imply the significance of
Region 5. The unique role of Region 5 was also noticed in the Mechanical Stiffness analysis
based on ANM (implemented as the MechsStiff module by myself in ProDy), which calculates
the resistance of all residue pairs to uniaxial tension (Fig. S5 in [H4]). Notably, especially clear
we could see it in MD simulations (Fig. S4 in [H4]) of the human 15LOX-1/PEBP1 complex
where before PEBP1 binding, 15LOX-1 residues at the PEBP1-interface exhibits high
sensitivity features (potential binding place for a partner in PRS), and after complexation with
PEBP1 this feature is transmitted to Region 5. In [H4], | performed the first all-atom MD
simulations of the human 15LOX-1/PEBP1 complex with a fully parametrized catalytic site of
15LOX-1 (using quantum calculations) [H4]. After checking the dynamic (Fig. 11) and
structural (Fig. S1 in [H4]) variability of the LOX family, we focused on the sequence
conservations among LOXs in different species (human — Fig. S2 in [H4]), including their
characteristic and dynamically highly stable motifs (Fig. 5 and Fig. S1 in [H4]).

B. Inhibition of a ferroptotic cell death signal

Understanding how cells die in the ferroptosis process presents an enormous translational
potential by offering opportunities to control a ferroptotic-associated cell death or survival.
Ferroptosis has been associated with the pathogenesis of many severe diseases. This explains
the high interest in designing new inhibitors and prevention methods against ferroptosis. The
goal of present scientific achievement was not only to decipher the mechanisms that control the
enzymatic aspect of ferroptosis but also to find a sufficient way to inhibit it, especially by
interfering in the lipid peroxidation process associated with 15LOX/PEBP1 complex [H1-H3].
We considered four approaches, described below, that may significantly affect the production
of lipid hydroperoxides that lead to ferroptosis, i.e.

M using nitric oxide (NO) to affect the production of lipid hydroperoxides by human
15LOX/PEBP1 complex [H5-H6],

(i) affecting the human 15LOX/PEBP1 complex formation upon ferrostatin-1 (Fer-1)
binding [H7],

(iii)  eliminating lipid hydroperoxides which are produced by the 15LOX/PEBP1
complex in the hydrolysis process before peroxidation cascades will appear [H8],

(iv)  finding new inhibitors of 15LOX/PEBP1 complex (manuscript submitted to PNAS).
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Nitric Oxide (i) The production of lipid hydroperoxides by LOXs, as indicated in Fig. 4, take
place in the presence of iron and needs an O> molecule to be inserted in the PUFA tail, which
is rich in bisallylic methylene carbon. We showed in our previous studies [H1-H3] that the
15LOX/PEBP1 complex, rather than 15LOX alone, catalyzes the oxidation of SA-PE,
therefore, we focused in turn mainly on the 15LOX-2/PEBP1 complex [H5] and its bound form
with the preferable substrate, SA-PE [H6]. In order to check whether nitric oxide (NO)
molecules may act as effective regulators of ferroptosis, we conceived studies that include NO
interactions with the above-mentioned complex. Experimentally, we showed that an enzyme
inducible nitric oxide synthase (iNOS), which catalyzes the production of NO [129],
demonstrates potency to directly control ferroptosis in macrophages and microglia through NO
act in suppressing the production of 15-HpETE-PE by 15LOX-2/PEBP1 complex, and all
explanation on the molecular level was provided by my computational work [H5-H6].

Using all-atom MD simulations, | showed how NO competes with O [Videos in [H5] (substrate
unbound) and [H6] (substrate bound), Fig. 3 in [H6]] for a binding site of 15L0OX-2, providing
all the details of crucial interactions at the molecular level. It results in suppressing the
production of 15-HpETE-PE by the human 15LOX-2/PEBP1 complex while promoting the
formation of nitrosylated ETE-PE, i.e., NO instead of O is inserted in the PUFA tail [H6].

MD findings presented in [H5-H6] provide the description of NO inhibition and extend our
understanding of the ferroptosis mechanism by identifying the specific interactions and
mechanisms of LOXs activation. | characterized here O, and NO diffusion pathways, that take
a place in the catalytic cycle of human 15LOX-2 to generate lipid hydroperoxides (Fig. 4).
| performed MD simulations of 15LOX-2 in bound/unbound form with PEBP1 and SA-PE
(SA-PE unbound form [H5] and SA-PE bound form [H6]) which revealed functional channels
(referred as “Entrance” in Fig. 12-13) that are guiding Oz and NO to the catalytic site of
15L.0X-2 (Fig. 12A-B, Fig. 13B-C) and those which participate in the NO/O- interactions when
the oxidation process appears (Fig. 13D). Next, | showed that Entrance 1 is the main oxygen
channel (near residues Y154, N155, W158) to the catalytic site and Entrance 2 is almost
completely covered in the presence of PEBP1 (Fig. 12B). In substrate bound simulations,
| observed additional channel, Entrance 3, which was not observed in the simulations without
the substrate (Fig. 13B).

Moreover, | identified the specific interactions (Fig. 5-6 and Fig. S4 and Table S2 in [H6]) and
mechanism of activation of 15LOX upon binding with PEBP1, which could not be fully
understood without computational structure-based studies (Fig. 14). My studies also revealed
an additional role of PEBP1 which upon interaction with 15LOX-2 change a conformation of
a loop localized at the PEBP1/15LOX-2 binding site (Fig. 14A, in orange), thus resulting in
increasing the affinity of NO to the catalytic site. In the absence of PEBP1, at low NO
concentrations, NO molecules were unable to access the catalytic site being attracted by the
cavity near the sn-2 chain of SA-PE (Fig. 14B-C, Fig. S6-S7 in [H6]). That knowledge was
critical to explain experimental findings on how and why NO molecules inhibit ferroptosis at
high concentrations in the presence of PEBP1. Thus, a critical role of PEBP1 in the ferroptosis
process was confirmed [H6].
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Figure 12. All-atom MD simulations of the human 15LOX-2/PEBP1 complex. (A) NO and O- close
contracts during MD simulations (4 trajectories), (B) Crystal structure of 15LOX-2/PEBP1 complex
with regions of the most frequent NO/O- interactions, color-coded in the same scheme as in panel (A).
In the inset, the close view of the diffusion pathway for NO/O, molecules through Entrance 1. Entrance
1 residues (in blue), crucial interactions at the catalytic site (in orange), and catalytic residues (in green)
are displayed. Source: [H5].
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Figure 13. All-atom MD simulations for the human 15LOX-2/PEBP1/SA-PE complex revealed
functional O2/NO channels to the catalytic site of LOX. (A). Crucial residues for Entrance 3 (B) and
Entrance 1 (C, SO site in D) are displayed. Entrance 2 (A) is closed due to PEBP1 and substrate SA-PE.
NO/O, molecules occupy two binding sites at the catalytic site close to the substrate (S1 and S2). Source:
[H6].
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Figure 14. MD simulations for 15LOX-2/PEBP1 complex (A) and 15LOX-2 (B) predicted a
conformational change in LOX induced upon PEBP1 binding, which allows nitric oxide (NO) binding
to the catalytic site in the presence of SA-PE (C). Source: [H6].

Ferrostatin-1 (ii) Ferrostatin-1 (Fer-1) is the most commonly used ferroptosis inhibitor,
applied to ~15-20% of all experiments reported in publications. Some studies indicate that this
anti-ferroptotic agent is a poor 15LOX inhibitor [113, 130]. That claims were causing scientific
disputes among researchers supporting the concept of enzymatically driven ferroptosis. It has
been implied that probably free radical lipid peroxidation (i.e., Fenton reaction, Fig. 2-3) rather
than enzymatic LOX-driven reaction (Fig. 2, Fig. 4) is essential for executing the ferroptotic
cell death process.

Our [H7] study explained this unsolved paradox of the ferroptotic cell death, which indicate
that the anti-ferroptotic agent, Fer-1, is a poor 15LOX inhibitor, i.e., to an enzyme that is giving
the biggest contribution to the generation of lipid hydroperoxides. To elucidate this unsolved
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scientific riddle, 1 first used molecular docking to determine Fer-1 binding sites in the 15LOX-
2 structure in the bound/unbound form with PEBP1. This approach gave not only the binding
affinity of individual ligands (enthalpy) but also revealed more entropically favorable sites of
the complex by exposing high populations of Fer-1 bonded poses (Fig. 15A —unbound 15LOX-
2, Fig. 16A — bound 15L0OX-2). Additionally, this approach included multiple conformations
of the protein ensemble extracted from previously performed all-atom MD simulations using
PCA and the Mean Shift algorithm [H7]. This extensive docking on multiple protein(s)
conformations (in total >900 Fer-1 binding poses) was used to distinguish differences in Fer-1
binding in the presence of PEBP1 (Fig. 15B, Fig. 16B).

Three conformations of Fer-1 with the lowest energy of binding (the highest binding affinity,
Fig. 16B, Site 2 and Fig. S4 in [H7]) were further selected for MD simulations, this time
containing 15LOX-2/Fer-1 complex and PEBP1 in the certain distance (~10 A) to check
whether Fer-1 in any of those three positions will affect PEBP1 binding to 15LOX-2. ENM
analysis showed that Fer-1 bounded at Site 2 significantly changes the allosteric movement that
is gained upon PEBP1 binding to 15LOX (Fig. 16C, the low-frequency GNM mode profile),
and the extensive MD data implied that Fer-1 affects PEBP1/15L0X-2 complex formation (Fig.
16D). PEBP1 was binding to 15LOX-2 to the previously predicted binding site (Fig. 9A) in the
absence of Fer-1 (Fig. 16D, top panel) but not when Fer-1 was bound at Site 2 (Fig. 16D, bottom
panel). We observed two exceptions when PEBP1 bound at the predicted site, but in those
cases, Fer-1 moved from the initial binding position (Fig. 16D, bottom panel, red and cyan
PEBP1 and Fig. S4 in [H7]). Our data implied that indeed Fer-1 does not affect 15LOX alone,
but it effectively inhibits 15-HpETE-PE production by disrupting the 15LOX/PEBP1 complex
formation.
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Figure 15. Fer-1 binding propensity observed in docking simulations with unbound 15LOX. (A)
Multiple binding poses of Fer-1 (blue sticks). Three sites are distinguished by their high propensities:
Site 1 (pink circle) - an interface between the catalytic and g-barrel domains of 15L0X-2, Site 2 (yellow
ellipse) — PEBP1-binding epitope of 15LOX, and Site 3 (blue ellipse) — 15LOX catalytic/orthosteric site.
(B) Interaction map of 15LOX-2 residues interacting with Fer-1 observed in two sets of docking
simulations, with the unbound (blue dots) and PEBP1-bound (red dots) forms of 15LOX-2. The orange
box denotes Fer-1 binding residues at Site 2, and the cyan box points to the binding residues at Site 3.
Orange stars denote the PEBP1-binding interface region. Source: [H7].
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Figure 16. Effect of Fer-1 binding to the dynamics of 15LOX-2/PEBP1 complex. (A) Multiple binding
poses of Fer-1 (red sticks). Three sites, as in Fig. 15, are highlighted. Detailed interactions between
Fer-1 and the human complex are shown in Fig. 15B (in red). (B) Histograms with the number of binding
poses in each site, Site 1-3, for 15L0OX-2 in bound/unbound form with PEBP1. (C) Comparison of global
dynamics in GNM of 15LOX-2/PEBP1 complex in the presence (black-curve) and absence (red-curve)
of Fer-1. Highlighted residues correspond to the hinge sites. (D) Final conformations from MD
simulations of 15LOX-2/PEBP1 complexation without (top panel) and with Fer-1 bound to 15LOX-2
(bottom panel). Colors distinguish conformations from independent MD runs. Modified from [H7].

Phospholipase iPLA2p (iii) Phospholipase A2 (PLA2) is a family of enzymes that can
catalyze the cleavage of fatty acids by recognizing the sn-2 acyl chain of phospholipids and
releasing arachidonic acid and lysophosphatidic acid, biologically active lipid mediators, that
can affect numerous cellular events [130]. In [H8] study, we showed that the Ca?*-independent
phospholipase A23 (iPLA2f) could hydrolyze peroxidized SA-PE phospholipids, 15-HpETE-
PE, generated by the human 15LOX/PEBP1 complex, thus eliminate the ferroptotic death signal
and serve as the anti-ferroptotic guardian. This alternative 15-HpETE-PE-eliminating
mechanism may be particularly important when thiol-driven defenses using the GPX-4 become
insufficient (Fig. 5). Samples from a patient with a Parkinson’s disease (PD)-associated
mutation (R747W in iPLA2p), examined by the US collaborators, show selectively decreased
15-HpETE-PE-hydrolyzing activity, 15-HpETE-PE accumulation, and elevated sensitivity to
ferroptosis [H8]. Herein, | performed extensive computational modeling using biophysical
tools, which included successfully completing the following steps:

(1) All-atom MD simulations for the membrane with a diverse number of phospholipids
(9 types with the exact ratio as in the experiments, see Extended Data Fig. 2 in [H8]), and
including 15-HpETE-PE in order to obtain the peroxidized acyl chain of 15-HpETE-PE
exposed to the membrane surface as proposed by the Whisker model (Fig. 1c in [H8])
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[131]. The non-standard elements of the membrane, such as 15-HpETE-PE, required
quantum calculations to obtain the geometry and partial charges for parametrization in the
CHARMM force field.

(if) Preparation of the complete iPLA2f structure in a dimeric form since the crystallographic
structure determined by our collaborators contained unsolved or partially unsolved
fragments. To predict missing regions, | performed homology modeling using different
available tools (Fig. 1d and Extended Data Fig. 6 in [H7]). The entire model is available
as the Supplementary Material of [H7] work and can be used by other scientists.

(iii) 1 performed all-atom MD simulations to examine iPLA2p interactions with the membrane
and 15-HpETE-PE molecules (prepared in (i)). The initial structure is shown in Fig. 1d-e
in [H7], whereas the final interactions and differences between the native iPLA2[ and its
R747W mutant are displayed in Fig. 2 in [H8]. Simulations included native iPLA2[
structure [entire structure (catalytic domain with ankyrin repeats) or catalytic domain] and
their mutants associated with PD (~0.5-1 mln atoms in MD systems).

My MD simulations visualized the ability of 15-HpETE-PE peroxidized acyl chain to migrate
within the membrane surfaces (for the first time shown here the Whisker model of 15-HpETE-
PE) than its counterpart in SA-PE (Fig. 1c, Ext. Data Fig. 3b and Videos 1-3 in [H8]), i.e.,
having a higher probability to move closer to the iPLA2p surface and catalytic site (Ext. Data
Fig. 4a,b in [H8]). It explains the experimentally observed higher iPLA2f activity toward
15-HpETE-PE compared to SA-PE. Quantitative analysis of the intrinsic dynamics of SA-PE
in its oxidized and non-oxidized forms using the deuterium order parameters showed relatively
higher ordering at the peroxidation site of 15-HpETE-PE than in SA-PE (Ext. Data Fig. 5a,b
in [H8]). Moreover, simulations with/without R747W mutation provided detailed information
about differences in interactions between protein structure and 15-HpETE-PE molecules (Ext.
Data Fig. 7 in [H8]) and about the molecular explanation of the lowered catalytic potency of
R747W iPLA2p toward 15-HpETE-PE (Fig. 2 in [H8]).

Summary. The publications presented as the habilitation achievement represents the
collaborative work of a multidisciplinary team of scientist, both computational theoretical
biophysicists and experimentalists, with complementary and valuable experience in scientific
work. Each publication [H1-H8] brought a tremendous effort to each group, however, in final
giving groundbreaking findings in the field of ferroptosis. As a computational biophysicist,
| was using theoretical biophysical methods to provide computational modeling of the
biological systems, often highly advanced and essential for understanding the molecular
mechanisms described in the publications. My work provided a critical advancement in
understanding molecular mechanisms of ferroptosis at the molecular level and was used for the
improvements of the experimental studies of my collaborators. All the findings presented as the
habilitation achievement were directed toward understanding the unknown molecular
mechanisms of the ferroptotic cell death program and their mechanisms of inhibition, which is
essential for developing rational intervention drugs associated with ferroptosis. The
achievement presented above includes a description of the candidate’s initiated, performed, and
analyzed calculations. Results provided or prepared by Dr. I. Shrivastava or Dr. J. Krieger, by
other members of the so-called “computational team” if any, were omitted in the description.
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IVV.3.4. Importance of the achievement and future studies

Importance. The results obtained in the proposed achievement have a significant impact on
different scientific fields and disciplines, including biophysics, biochemistry, biology, and
medicine. It can be seen by the number of citations given in a short time to each article of the
habilitation achievement. Presented results are especially meaningful for the biomedical field
because of their association with different diseases, e.g., major chronic degenerative diseases
(Parkinson’s, Alzheimer’s), sepsis, asthma, cancers, pathology of cystic fibrosis, pneumonia,
acute injuries of the brain, cardiovascular system, liver, kidneys, and other organs.
Understanding the molecular basics of the mechanisms that lie under the ferroptotic cell death
signal is essential for controlling this process and developing rational intervention drugs, i.e.,
inhibitors and methods for diseases associated with ferroptosis. This achievement brought
significant scientific benefits in the form of understanding how the mechanisms of ferroptosis
machinery work and how to block it. This knowledge provides a basis and advances general
research in the field and shows the highly importance and indispensability of computational
biophysics in the practical explanation of the fundamental biochemical process. This
habilitation achievement offers additional information that might be used in drug discovery in
clinical tests, for example, in the pathology of cystic fibrosis and pneumonia (pLoxA) or asthma
(15LOX/PEBP1). The quality of research done by our team is the highest possible, and
computationally, the candidate is using top-notch methods.

Future studies. My current and future studies are directed mainly toward the involvement of
different lipid mediators in ferroptosis and other RCD programs and in the development of new
computational tools which may benefit the broader research community. My plans include:

(i) Examination of a di-arachidonoyl-PE possible role in the ferroptosis process. This
type of PUFA-PL contains two oxidizable chains instead of one like in SA-PE and has
high specificity to the human 15LOX/PEBP1 complex. This is an ongoing project in
collaboration with groups of Prof. V. Kagan and Prof. H. Bayir from the University of
Pittsburgh, which may provide another missing puzzle of the ferroptosis machinery.

(i)  Searching for new high-affinity inhibitors of pLoxA. There is an urgent need for high-
affinity pLoxA inhibitors which may serve as a means in the pathology of cystic fibrosis
or pneumonia. | plan to explore the dynamics, selectivity toward different substrates, and
mechanisms of actions of pLoxA to design new inhibitors. Application for funding which
includes this topic, was submitted this year to the Polish National Science Centre
(SONATA BIS program). It will include a collaboration between the groups of Prof.
V. Kagan, Prof. H. Bayir, and Prof. S. Wenzel (head of the Asthma Institute at UPMC)
from the University of Pittsburgh and a group of Dr. Ganesha Rai from the NIH National
Center for Advancing Translational Sciences.

(iii) Studying the role of the membrane for the human 15LOX-1/PEBP1 complex. This
is an ongoing project funded by the Polish National Science Centre (SONATA) under
which a doctoral dissertation of Thiliban Manivarma will be prepared. In this project, we
are examining the effect of the membrane on the 15LOX-1/PEBP1 complex.

(iv) Examination of cyclooxygenase-2 dynamics and substrate specificity. COX-2 is an
enzyme that catalyzes the conversion of arachidonic acid (AA) to prostaglandin H2, an
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(V)

(vi)

important precursor of prostacyclin, which is expressed in inflammation. This protein will
be a subject of the next studies in collaboration with experimentalist groups of Prof.
V. Kagan and Prof. H. Bayir. We will study substrate specificity toward different lipids.
Cytochrome c interactions with cardiolipin molecules and its different variants.
This is an ongoing project in collaboration with Prof. I. Bahar from Stony Brook
University (NY, USA) and Prof. Patrick van der Wel from the University of Groningen
(Netherlands), which regards lipid interactions with Cyt ¢ and its role in severe diseases.
Development of a computational tool for the assessment of inhibitor binding sites for
the protein dynamics. Currently, I am working on the ProDy [132] module that will help
to estimate potential intermolecular interactions within protein structure or between protein
and ligand (Fig. 17A). This approach will provide interaction-rich regions which will be
combined with information obtained from ENMs (e.g., hinge sites, allosteric sites, cross-
correlation and hitting time, Fig. 17B), and sequence conservation (based on the Pfam [133]
data, Fig. 17C) to evaluate the influence of ligand/protein binding site on the protein
dynamics. Consolidation of those approaches enables the broader community to explore
physical interactions within biological structures combined with sequence conservation and
coarse-grained-associated knowledge about collective dynamics might be critical in
choosing the most effective inhibitor and their binding spots. This project is implemented
in collaboration with Dr. J. Krieger from the Universidad Auténoma de Madrid, Spain and
Prof. 1. Bahar from the Stony Brook University, New York, USA.
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Figure 17. Flow chart describing how the new tool will operate with the usage of (A) intermolecular
interactions (B) elastic network models (ENMs), and (C) sequence conservation.
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1VV.3.5. Other scientific achievements

For the past years, | have been involved in several side projects devoted to investigating
protein’s different features, e.g., protein dynamics, nanomechanics, and substrate specificity
toward protein structures involved in different diseases. The topics described below (Topic 1-
4) are relatively distant thematically from the achievement; therefore, they are not included in
the habilitation achievement. However, some of them become independent threads that are
evolving and becoming an equally important field of interest for the candidate, such as
deciphering mechanisms of other RCD programs (Topic 1) or developing new tools for the
computational biophysics field (Topic 3).

Topic 1: Lipids mediators in other RCD programs. For the past two decades, we could
observe a growing number of RCD programs and their implications in human pathologies.
RCDs are usually highly orchestrated processes involving tightly structured signaling cascades
and strictly defined mechanisms. The habilitation achievement is focused on the ferroptosis
mechanism; however, | was also involved in the investigation of two other RCD programs —
apoptosis [Al] (collaboration with Prof. P. Wel, Prof. V. Kagan, and a few more groups) and
autophagy [A2] (collaboration with Prof. M. Arditi and Prof. I. Bahar). For those two
independent projects, | performed extensive all-atom MD simulations in the presence of
a phospholipid membrane to study cytochrome c¢ (Cyt c) [Al] and pro-interleukin-1a (IL-1a1)
[A2] interactions with cardiolipin (CL) molecules or its variant (e.g., mono-lyso-CL (MLCL)).
My modeling for the [Al] study provided evidence that MLCL, which is accumulating in the
rare genetic disorder called the Barth syndrome, forms an anomalous complex with Cyt ¢ and
causes PUFA phospholipid peroxidation, which may be the primary mechanism of this disorder.
| showed which Cyt c residues are involved in the initial and stable interactions with the
membrane, what conformational change is happening upon MLCL binding, and how the Cyt ¢
interacts with IOA (imidazole oleic acid) inhibitor. All my results correspond well to the
lipidomics and solid-state NMR observations provided by my collaborators. In the [A2] study,
| identified a pro-IL-1o binding motif with CL molecules from the membrane using MD
simulations. My experimental collaborators confirmed my observations in mutagenesis studies.
Moreover, a similar binding motif | found in microtubule-associated proteins 1A/1B light chain
3B (LC3B, sequence alignment and screening of similar motif), a central protein in autophagy.
Thus, we could imply that the binding of pro-IL-1a to CL may interrupt CL-LC3[-dependent
mitophagy, which is an important finding in NLRP3 inflammasome-associated diseases.

Topic 2: Nanomechanics of modular proteins using force-inducted approaches. Most of
the proteins have strictly defined native structures. Modifications to its composition or
conformation may lead to severe defects. However, native structure of some proteins often
naturally undergoes significant conformational changes, for example, due to mechanical stress.
In such cases, mechanical stability plays an important role and directly impacts many biological
processes, e.g., muscle work or translocation of molecules through the cell membrane. These
mechanisms are conditioned by specific places and the method of applying external forces to
proteins. Thus, in the past years, there has been a lot of interest in methods for studying the
nanomechanical properties of single molecules. Using two complementary methods,
computational (steered molecular dynamics, SMD) and experimental (single molecule force
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spectroscopy, SMFS, AFM), | performed studies in which | applied an external force to protein
structures to obtain a force spectra profile of their mechanical behavior. My experience in that
field was gained during my doctoral studies and used here to extract the characteristic of
protein’s unfolding pathways, a force that is needed to induce a conformational change in each
domain, etc. Two modular proteins were the subjects of those studies: contactin 4 [A4] and
reelin [A3] (the experimental part for reelin was performed by Dr. J. Strzelecki NCU).

Topic 3: Development of new methods and their deployment to protein structures. Despite
the biophysical and biochemical aspects of my scientific work, 1 was also involved in projects
developing new computational tools and methods to analyze protein dynamics [A4-A6].
Because | had an experience in experimental and computational force spectroscopy (steered
MD method and SMFS technique described in Topic 2), my first task as a post-doc in the group
of Prof. I. Bahar was to implement to the ProDy API (introduced by Bahar Lab in 2011,
http://prody.csb.pitt.edu/, >2,3 min downloads) a new module called MechStiff for determining
the weak and strong pairs of interactions depending on the direction of the external force and
the sites that are subjected to perturbation. MechStiff uses the coarse-grained ANM concept,
and it helps in the identification of the anisotropic response of the structure to external
perturbations. After implementation, | used this tool to provide information about the
composition of effective spring constant in the presence of external force for each contactin 4
module [A4]. | was also involved in the project that introduced the CryoDy module, which
calculates the dynamics of protein complexes resolved by cryo-EM by approximating the
density maps with pseudo atoms [A5], where | was performing ANM calculations of various
chaperone TRIC/CCT cryo-EM structures which were a subject of this project. The
involvement in developing ProDy modules was summarized in [A6] work, where we introduced
new modules/methods implemented in ProDy in the past ten years.

Topic 4: Insect-repellent studies. Mosquitoes are one of the most dangerous animals on Earth,
transmitting diseases that are Kkilling nearly a million people each year, thus being one of the
major causes of human mortality. The primary protection against mosquitoes are repellants, i.e.,
chemical compounds that repel insects, mainly by affecting their extremely sensitive sense of
smell. The most commonly used chemicals containing DEET gradually lose their activity due
to the progressive resistance of mosquitoes. Consequently, there is an important need to create
new strategies to fight against them. Muscarinic receptors are a family of transmembrane G
protein-coupled receptors (GPCRs) which plays a vital role in the nervous systems of humans
and mosquitoes [134, 135]. In this project, | was performing molecular docking calculations to
predict plausible DEET binding sites in M1 and M3 acetylcholine receptors at allosteric and
orthostatic sites (Fig. 4D-E and Fig. 5 in [A7], and details in Table S4). That information was
further used to test different types of repellents and to compare their binding sites and affinities
toward those receptors (Fig. 4, Fig. 7, and Fig. S1 in [A8]).
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Presentation of significant scientific activity carried out at more than one university,
scientific or cultural institution, especially at foreign institutions.

My scientific activity abroad was conducted at both American and European universities:

e Postdoctoral associate in the School of Medicine at the University of Pittsburgh (USA)
in Prof. Ivet Bahar group for 30 months, from January 2016.

e Assistant-doctorant in the Laboratory of Physics of Living Matter, Ecole
Polytechnique Fédérale de Lausanne (EPFL) in Prof. Giovanni Dietler group for
6 months, from September 2013 (during Ph.D. studies).

This activity concerned research and articles that contribute to the achievement discussed
in point 1VV.2.2 and parts of other research discussed in point IV.2.3.

| am collaborating with scientists from different universities (the US and Europe):

- Group of Prof. Valeriana Kagan, Department of Environmental and Occupational Health and
Center for Free Radical and Antioxidant Health, University of Pittsburgh, Pittsburgh, USA.

- Group of Prof. Hiilya Bayir, Department of Critical Care Medicine, Safar Center for
Resuscitation Research, Children’s Neuroscience Institute, Children’s Hospital of Pittsburgh,
University of Pittsburgh, Pittsburgh, USA.

- Prof. Ivet Bahar, Laufer Center for Physical and Quantitative Biology, Stony Brook
University, New York, USA.
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Group of Patrick van der Wel, Zernike Institute for Advanced Materials, University of
Groningen, Groningen, the Netherlands.

Group of Prof. Sally Wenzel, Department of Medicine, University of Pittsburgh, Pittsburgh,
PA, USA.

Group of Prof. Andy VanDemark, Department of Biological Science, University of Pittsburgh,
Pittsburgh, USA.

Group of Prof. Moshe Arditi, Department of Biomedical Sciences and Department of
Pediatrics, Cedars-Sinai Medical Center, Los Angeles, USA.

Group of Prof. Bruno Lapied, Laboratoire Signalisation Fonctionnelle des Canaux loniques et
des Récepteurs (SiFCIR), Université d’ Anger, France.

Dr. James M. Krieger, Polytechnic School at Universidad Auténoma de Madrid, Spain.

Presentation of teaching and organizational achievements as well as achievements
in the popularization of science.

VI1.1. Didactics

In the past years, | was teaching the following subjects/classes:

Classes Year

Mathematical analysis 1 | 2018/2019
Mathematical analysis 2 | 2018/2019
Basic programming 1 | 2018/2019
Basic programming 2 | 2018/2019
Introduction to Unix (exercises and lecture) | 2018/2019 (2 groups)
2015/2016 (2 groups)
Biopython computational course | 2015/2016
Molecular Dynamics | 2015/2016

Before obtaining the doctoral degree:

Programming languages (C programming language) | 2013/2014 (2 groups)
Symbolic systems (exercises and lecture) | 2013/2014

Computer lab 11l — Unix and the Internet | 2012/2013 (2 groups)
2011/2012
2010/2011
The physics of information processing (assisting in lecture) | 2011/2012
Computer lab I — Basics of using computers | 2010/2011
Molecular dynamics methods — Computer modeling of | 2009/2010

biomolecules

Elementary Physics (compensatory classes for 1st-year students)

Since October 2020, | have worked in a research position financed by the SONATAL5
program from the Polish National Science Center, therefore, I do not conduct classes.
Before that, | was a post-doc at the University of Pittsburgh, where | was not teaching. In

the meantime had three breaks due to maternity leaves.

Several times | conducted scientific workshops in the field of biophysics/bioinformatics

for participants (in English) of:

o Computational Biophysics Workshop organized by the members of the Theoretical and

2009/2010

Computational Biophysics Group from the University of Illinois at Urbana-
Champaign (UIUC) and the National Center for Multiscale Modeling of Biological
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Systems (MMBIioS) from the University of Pittsburgh, three times in 2016, 2017 and
2018 (Pittsburgh, USA).

o Conference Bioinformatics in Torun (BIT) in 2010 and 2011. BIT is organized by the
Polish Bioinformatics Society (PTBI) and the Nicolaus Copernicus University in
Torun, Poland.

o Summer Camp for International Students and Ph.D. Students in the program of the
Polish National Agency for Academic Exchange SPINAKER - Intensive International
Education Programs 12-14th July 2022 (Torun, Poland) — 2 groups, 3 hours each
training.

Supervision of scientific works at NCU:

o | am the assistant supervisor of the following doctoral students:
= Thiliban Manivarma, MSc (since 2020, ongoing)
= Beata Niklas, MSc (2018-2020)

o | am asupervisor of master students:
= Radostaw Siwinski (since 2022, ongoing)

o | am/was a supervisor of bachelor of engineering students:
= Mateusz Czarnecki (since 2020, ongoing)
= Mateusz Mnich (since 2020, ongoing)
= Mariusz Konstanty (2022)

The lack of supervision for students before 2019 results from the 2.5-year postdoctoral
fellowship until June 2018 and being on maternity leave (3 times after obtaining the
doctoral degree: 2014/15, 2017/18, 2019/20).

VI1.2. Organization

o Assistance in organizing, teaching international hands-on workshop: Computational

Biophysics Workshop at Pittsburgh (2016-2018, 3 times, Pittsburgh, USA).

o Assistance in organizing and coordinating international conferences:

e Bioinformatics in Torun (Torun, Poland) organized by the Polish Bioinformatics
Society (PTBI) and the Nicolaus Copernicus University in Torun, in the period
2009-2022 (6 times, 60-100 participants every year).

e 13th annual conference in bioinformatics SocBiN (26-29 VI 2013, Torun, Poland).

o | was the president of the Faculty Doctoral Scholarship Committee FPAI NCU (2011-

2013, before the doctorate degree).

V1.3. Popularization of science

| co-conducted lectures and workshops:

o Inaugural lecture for students of the Faculty of Physics, Astronomy and Informatics
NCU (October 2015).

o Festival of Science and Art in Torun ["Virtual journey inside the body — the exploration
of biological nanostructures™ (2009), "Secrets of fluorescence — where glowing rabbits
come from (2010) and computer workshops "The beauty of molecular mechanisms of
nature — how the biomechanics of the body works” (2011) and co-lecture "Luminous
wonders of nature — secrets of protein fluorescence"].
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o Torun Scientists' Night (lecture "OCT — human optical tomograph™)

o Before obtaining a doctoral degree, | also co-organized and participated in numerous
popularizing campaigns, including conducting physical shows for hundreds of primary
and secondary school students, including “Back to School” educational campaigns,
Physics Demonstration Lessons implemented as part of the project Middle School
Academy of Sciences for the subregion Koninski, Gymnasium Academy of Sciences,
“Open your eyes, turn on your thinking”, shows by the Polish Physical Society, etc.

More about the popularization of science can be found in section 11.3 in the List of scientific
achievements.

VIl.  Other relevant information.

| was on maternity and parental leave three times for 9-12 months with each kid
(date of birth: X 2014, 1X 2017, X 2019).
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