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Abstract in English 
 

Ferroptosis emerged in 2012 as a form of programmed cell death, different from known 

cell death pathways. It is triggered by iron-mediated lipid oxidation. Cells undergoing ferroptosis 

demonstrate significant mitochondrial alterations, including cellular shrinkage, increased 

membrane density, and reduced mitochondrial complexity. 

The process is intricately controlled by iron metabolism dynamics and thiol regulation, 

creating a complex biochemical environment that drives extensive membrane lipid peroxidation. 

Ferroptosis has been associated with the pathogenesis of chronic degenerative diseases and injuries 

of the brain, and other organs. 

This dissertation explores the molecular mechanism of ferroptosis regulation triggered by 

the protein-protein complex, 15-lipoxygenase-1 (15LOX-1), and phosphatidylethanolamine (PE)-

binding protein 1 (PEBP1) in the presence of the substrate stearoyl/arachidonoyl-PE (SAPE) and 

a biological membrane model. The findings are detailed across three articles A, B, C.  

In Article A, we employed computational structural modeling techniques, such as 

molecular docking, to study the complex formation between 15LOX-1 and PEBP1. We conducted 

molecular dynamics (MD) simulations to investigate conformational changes within the 15LOX-

1/PEBP1 complex induced by a membrane. The study reveals that the association of the 15LOX-

1/PEBP1 complex with cellular membrane facilitates access to the catalytic site for specific 

substrates, particularly SAPE. This substrate binding stabilizes the complex and enhances its 

catalytic activity. Additionally, the performed mutagenesis studies, both computational and 

experimental, observed the 15LOX-1/PEBP1 complex dissociation upon P112E mutation in 

PEBP1. 

In Article B, we described the development of a new tool WatFinder – a part of ProDy 

framework to identify and visualize protein-water contacts. The tool detects and visualizes critical 

protein-water interactions, including water bridges and clusters. WatFinder processes ensembles 

of biomolecular structures, and snapshots from MD trajectories and provides statistical insights 

into the duration and frequency of water interactions. Accurate evaluation of protein-water 

interactions is vital for understanding biophysical processes. In Article C we investigate oxygen 

channels localized in 15LOX-1. It was shown that the membrane and substrate SAPE binding 

enhances oxygen access to the 15LOX-1/PEBP1 catalytic site. Conserved residues in the LOX 
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family indicate an evolutionary adaptation for oxygen transport through two tunnels, identified 

through MD, that connect surface regions to the catalytic center, aiding oxygen transport. Using 

the WatFinder tool, water and oxygen clusters within the 15LOX-1/PEBP1 complex were 

analyzed. We postulate that water clusters may facilitate oxygen transport. An analysis of 140 PDB 

structures from the lipoxygenase family highlights the importance of water clusters, which likely 

stabilize O2 transport. Oxygen cluster analysis revealed two oxygen binding sites in the active site 

of 15LOX-1: one that supports single oxidation and another that may facilitate double oxidation. 

This study also incorporates lipidomics experiments. The results from computational biophysics 

approaches at the molecular/all-atoms level. 

In summary, the results from structural modeling and computational biophysics approaches 

applied in this dissertation, and complemented by experimental studies conducted by US 

collaborators, reveal potential molecular mechanisms of ferroptosis regulation linked to the 

15LOX-1/PEBP1 complex. These mechanisms include, among others, the structural details of the 

complex formation, the influence of the membrane environment, substrate acquisition processes, 

and the effect of substrate binding on O2 association.   
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Abstract in Polish 

Ferroptoza to odkryta w 2012 roku specyficzna forma zaprogramowanej śmierci 

komórkowej, różniąca się od innych znanych szlaków. Mechanizm ten jest inicjowany przez 

utlenianie lipidów za pośrednictwem żelaza, powodując poważne zmiany komórkowe. Proces 

ferroptozy jest ściśle kontrolowany przez metabolizm żelaza i regulację tioli, tworząc złożone 

środowisko biochemiczne, które napędza peroksydację lipidów błonowych. Ferroptoza jest 

powiązana z patogenezą przewlekłych chorób zwyrodnieniowych, urazów mózgu i innych 

narządów. 

Rozprawa poświęcona jest badaniu molekularnego mechanizmu ferroptozy wywoływanej 

przez kompleks białkowy, 15-lipooksygenazy-1 (15LOX-1) z białkiem wiążącym 

fosfatydyloetanoloaminę (PE) 1 (PEBP1) w obecności substratu SAPE (pochodnej 

fosfatydyloetanoloaminy) i modelu błony biologicznej. Uzyskane wyniki zostały szczegółowo 

opisane w trzech artykułach A, B i C. 

W Artykule A wykorzystaliśmy techniki biofizyczne obliczeniowego modelowania 

strukturalnego, m.in. dokowanie molekularne, do zbadania kompleksu składającego się z 15LOX-

1 i PEBP1. Ponadto przeprowadziliśmy symulacje dynamiki molekularnej (MD) w celu zbadania 

zmian konformacyjnych w kompleksie 15LOX-1/PEBP1 indukowanych przez błonę. Badanie 

wykazało, że związanie kompleksu 15LOX-1/PEBP1 z błoną komórkową zapewnia dostęp do 

miejsca katalitycznego dla SAPE. Wiązanie substratu stabilizuje kompleks i zwiększa jego 

aktywność katalityczną. Badania mutagenezy, zarówno obliczeniowe, jak i eksperymentalne, 

wykazały dysocjację kompleksu 15LOX-1/PEBP1 po mutacji P112E w PEBP1. 

W Artykule B przedstawiliśmy nowe narzędzie zintegrowane z programem ProDy służące 

do identyfikacji i wizualizacji oddziaływań białko-woda. WatFinder wykrywa oddziaływania 

białko-woda, w tym mostki wodne i klastry przetwarzając zespoły struktur biomolekularnych 

i trajektorie MD. Narzędzie zapewnia wiedzę statystyczną na temat czasu trwania i częstotliwości 

oddziaływań wody.  

Artykuł C dotyczy kanałów transportowych dla tlenu zlokalizowanych w 15LOX-1 

i kluczowych dla jego aktywności katalitycznej. Wykazano, że błonowe i substratowe wiązanie 

SAPE zwiększa dostęp tlenu do miejsca katalitycznego 15LOX-1/PEBP1. Zakonserwowane 

reszty w rodzinie LOX wskazują na ewolucyjną adaptację do transportu tlenu przez dwa tunele 

zidentyfikowane poprzez symulacje MD. Za pomocą narzędzia WatFinder zidentyfikowano 
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i przeanalizowano klastry wody i tlenu w kompleksie 15LOX-1/PEBP1. Przypuszczamy, że 

klastry wody mogą ułatwiać transport tlenu i przyczyniać się do aktywności katalitycznej tego 

kompleksu. Analiza 140 struktur PDB z rodziny lipooksygenaz podkreśla znaczenie klastrów 

wodnych. Ich analiza ujawniła dwa miejsca wiązania O2 w miejscu aktywnym 15LOX-1: jedno, 

które wspiera pojedyncze utlenianie i drugie, które może sprzyjać podwójnemu utlenianiu. Wyniki 

modelowania strukturalnego i dynamiki metodami biofizyki obliczeniowej zastosowane 

w niniejszej rozprawie, uzupełnione badaniami eksperymentalnymi przeprowadzonymi przez 

współpracowników z USA, ujawniają potencjalne mechanizmy molekularne regulacji ferroptozy 

związane z kompleksem 15LOX-1/PEBP1. Mechanizmy te obejmują tworzenie kompleksu, 

wpływ środowiska błonowego, proces pozyskiwania substratu oraz wpływ wiązania substratu na 

asocjację z O2. 
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1. Introduction  

Modern biophysics addresses many processes related to human physiology and medicine. The 

present thesis is tightly linked to the molecular mechanisms leading to controlled cell death. 

Therefore, to provide proper context, the biological and biochemical foundations are presented in 

the first chapter. 

1.1 Regulated cell death mechanisms  

In 1842, Karl Vogt observed the metamorphosis of tadpoles and noted the disappearance of the 

tadpole notochord during development, marking one of the earliest recognitions of cell death in 

human observation [1]. Vogt’s realization that the disappearance of specific cells held 

physiological significance for development high-lighted the phenomenon of cell death for the first 

time. However, technological limitations hindered the elucidation of the ultrastructural 

characteristics of cell death [2].  

Cell death is a vital biological process that occurs in response to either normal physiological factors 

or pathological stress. It is typically divided into two main categories: Accidental Cell Death 

(ACD) and Regulated Cell Death (RCD) [3]. ACD happens as an uncontrolled reaction to severe 

and unexpected cellular damage that overwhelms the cell's regulatory systems. On the other hand, 

RCD relies on well-organized signaling pathways and precisely defined effector mechanisms. 

Among the various forms of RCD, apoptosis mainly driven by caspases has been widely studied 

and plays a crucial role in processes such as embryonic development [4], immune system 

maturation [5], and tumorigenesis [6].  

 

 

Figure 1. Timeline of discoveries in regulated cell death pathways [7]. 
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Recent research has revealed various non-apoptotic forms of RCD (Fig. 1), each distinguished by 

specific morphological, biochemical, and genetic characteristics [8, 9]. These mechanisms are 

crucial for maintaining organismal homeostasis in both normal and disease conditions. Recent 

research has highlighted the unique machinery and (patho)physiological roles of various forms of 

regulated cell death, including apoptosis, necroptosis, pyroptosis, and ferroptosis [3] and others, 

as represented in Fig. 1. Below is a brief overview of various RCDs, while the ferroptosis process, 

as the primary focus of this dissertation, is described in detail in the next chapter. 

Apoptosis  

Apoptosis is a systematically organized process of cell death, often described as RCD, which was 

first identified in 1964 [10]. In 1972, Kerr, Wyllie, and Currie introduced the concept of apoptosis 

and outlined its morphological features, such as cell shrinkage, membrane blebbing, nuclear 

fragmentation, and pronounced chromatin condensation [2], as illustrated in Fig. 2. It occurs 

through two main pathways: the intrinsic and extrinsic pathways, both leading to the activation of 

caspases that execute cell death [2].  

 

Figure 2. Schematic representation of a regulated cell death revealed by Vogt, further named apoptosis 

(Credits: National Human Genome Research Institute). 
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Apoptosis can be initiated via two primary signaling pathways. The intrinsic pathway entails the 

mitochondrial outer membrane permeabilization (MOMP), which is facilitated by pro-apoptotic 

regulators such as Bax and Bak [11]. This mechanism releases cytochrome c, which attaches to 

Apaf-1 to create the apoptosome, triggering the activation of caspase-9 and, in turn, executioner 

caspases such as caspase-3 and caspase-7, causing cellular disintegration [12, 13]. The extrinsic 

pathway is triggered by outside signals, involving ligands like tumor necrosis factor (TNF) that 

bind to death receptors, leading to the formation of the death-inducing signaling complex (DISC) 

with adaptor proteins and procaspase-8 [14, 15]. Both pathways of apoptosis are controlled by 

inhibitors of apoptosis proteins (IAPs) [16]. 

Necroptosis  

Necroptosis is a type of regulated necrosis initiated by death receptors [17]. Cells that experience 

necroptosis display features such as cell swelling, a decrease in plasma membrane permeability, 

and eventual membrane rupture [18]. An essential feature of necroptosis is the disruption of the 

plasma membrane, leading to the liberation of Damage-Associated Molecular Patterns (DAMPs), 

such as mitochondrial DNA and the high-mobility group box 1 (HMGB1) protein [19]. These 

DAMPs can trigger a robust immune reaction and enhance inflammation [20]. 

Pyroptosis 

Pyroptosis is a type of RCD that depends on the activation of caspases, caspase 1 in particular  [21, 

22] which activate members of the gasdermin family of proteins [23] causing cell lysis. Pyroptosis 

is initiated by proinflammatory signals and linked to inflammation such as interleukin (IL)-1β and 

IL-18 [24]. This form of cell death is mainly observed in inflammatory cells like macrophages and 

can be initiated by infections from bacteria or pathogens [25]. Additionally, pyroptosis is a crucial 

element of innate immunity and it triggers and enhances inflammation while eliminating the 

replication environment for intracellular pathogens [26]. 

Entotic cell death 

Entotic cell death, which depends on a non-apoptotic pathway that does not require the apoptotic 

executioner to be activated [27], happens when one cell is engulfed or destroyed by another [28] 

and the dying cells don't display characteristic signs like nuclear condensation and fragmentation 

[29]. 
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Lysosome-dependent cell death 

Lysosome-dependent cell death (LCD) is a controlled type of cell death that happens when the 

membranes of lysosomes break down or by lysosomal membrane permeabilization [3]. This 

process naturally helps reshape tissue during mammary gland regression [30]. LCD is also linked 

to various diseases. Since cancer cells heavily rely on properly functioning lysosomes, scientists 

are exploring LCD as a potential target for cancer treatments [31]. 

Alkaliptosis 

Alkaliptosis is a form of cell death triggered by excessive alkalinization of the cytoplasm, which 

disrupts ion homeostasis and can result in cellular dysfunction and ultimately cell death. This 

process is often part of the cellular stress response, occurring in reaction to metabolic disturbances 

that lead to an imbalance in pH levels [32]. As the cytoplasm becomes overly alkaline, the cell may 

struggle to maintain normal physiological functions, contributing to its demise.  

Oxeiptosis 

Oxeiptosis is RCD that occurs in response to oxidative stress. It involves signaling pathways 

activated by reactive oxygen species (ROS), leading to cell death that does not exhibit the typical 

characteristics of apoptosis [33]. Oxeiptosis plays a significant role in the body's response to 

oxidative damage, particularly in conditions where oxidative stress is common, such as chronic 

inflammatory diseases. This process helps to eliminate cells that may otherwise contribute to 

further tissue damage and inflammation. 

 

1.2 Ferroptosis 
 

Ferroptosis, an iron-dependent form of regulated cell death (RCD), distinct from apoptosis, 

necrosis, autophagy, and other RCD types, has garnered significant attention in recent years. 

Proposed by Brent R. Stockwell in 2012, ferroptosis is characterized by increased iron loading, 

leading to lipid peroxidation and distinct morphological changes in cells, such as mitochondrial 

shrinkage and altered membrane structure [34, 35]. This iron-dependent cell death process is 

regulated by multiple pathways involving glutamate and glutamine amino acid metabolism, lipid 

metabolism, and iron metabolism, making it a promising target for therapeutic interventions in 
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various diseases, including cancer, cardiovascular disorders, and liver damage [36]. The interplay 

between iron accumulation, lipid peroxidation, and antioxidant systems like glutathione 

peroxidase 4 (GPX4) highlights the complexity of ferroptosis and its implications in disease 

progression [37, 38]. Understanding the mechanisms of ferroptosis, its inhibitors and inducers, is 

crucial for developing targeted drugs that can effectively modulate this cell death pathway for the 

treatment of common human diseases. 

Comparing ferroptosis with these traditional RCD programs provides valuable insights into its 

occurrence and characteristics, shedding light on its potential as a key player in cell proliferation, 

differentiation, and senescence [39]. 

Excessive lipid peroxides, particularly oxidized particularly oxidized polyunsaturated fatty acids 

(PUFA) and their derivatives, are central to ferroptosis. Other lipid oxidation products, such as  

4-HNE, 8-OHdG, and malondialdehyde, are also proposed markers [40-42]. Also a few protein 

biomarkers, extracellular decorin (DCN) released by ferroptosis-prone pancreatic ductal 

adenocarcinoma (PDAC) cells and the accumulation of transferrin receptor (TFRC) on the plasma 

membrane have been identified as ferroptosis markers, although detection timing and variability 

in cellular responses may limit their effectiveness [43, 44]. Hyperoxidized peroxiredoxin 3 

(PRDX3) has been identified as a ferroptosis-specific marker, especially in cells treated with 

ferroptosis inducers like erastin and RSL3. It has shown utility in distinguishing ferroptosis from 

other forms of cell death (apoptosis and necroptosis) and has been used in studying liver diseases 

in mice [45]. Glutathione (GSH) and GPX4, key regulators of ferroptosis, are commonly used as 

biomarkers. 

Formation of lipid peroxides leads to ferroptosis  

The plasma membrane serves as a primary barrier guarding cells against the extracellular 

environment, making it central to homeostatic maintenance. The rupture of the plasma membrane 

unequivocally leads to cell death, marking the cataclysmic endpoint for cellular life. Notably, this 

membrane rupture is the hallmark of necrotic cell death, except in apoptosis, where plasma 

membrane integrity is preserved [46]. Ferroptosis damages and integrity of the membrane, 

mechanistically, it has been considered excessive (phospho)lipid peroxidation in cellular 

membranes caused by disruption of the antioxidant defense system, disrupting membrane integrity 

and ultimately leading to cell death with plasma membrane rupture [34].  
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Ferroptosis is a regulated form of cell death characterized by the accumulation of lipid peroxides, 

which can arise from both enzymatic and non-enzymatic processes. Enzymatically, lipoxygenases 

(LOXs) play a pivotal role by catalyzing the incorporation of oxygen into polyunsaturated fatty 

acids (PUFAs) at precise position, leading to the formation of particular type of lipid peroxides 

critical for ferroptotic signaling [47, 48]. There are also other enzymes that are contributing to that 

process. For example, Acyl-CoA synthetase long-chain family 4 (ACSL4) converts PUFAs into 

acyl-CoA, facilitating their incorporation into phospholipids, which can then be oxidized to 

generate reactive lipid species [49]. Lysophosphatidylcholine acyltransferase 3 (LPCAT3) further 

contributes to this process by esterifying acyl-CoA to phospholipids, thus promoting the synthesis 

of oxidized phospholipids implicated in ferroptosis [50]. In contrast, non-enzymatic processes, 

such as lipid autoxidation and the Fenton reaction, also significantly contribute to ferroptosis. Lipid 

autoxidation is initiated by reactive oxygen species (ROS), resulting in a chain reaction that 

oxidizes PUFAs in cellular membrane [51], while the Fenton reaction generates hydroxyl radicals 

through the reaction of iron with hydrogen peroxide, leading to further lipid peroxidation [52]. 

However, those are oxidized at random positions when more bis-allylic carbons are available. 

Together, these enzymatic and non-enzymatic pathways underscore the complexity of ferroptosis 

and highlight potential therapeutic targets for modulating this process in various diseases. 

Inhibition mechanisms of ferroptosis 

Initially, my Ph.D. research aimed to identify potential inhibitors for 15LOX-1. However, since 

similar work has already been conducted by researchers worldwide [53], we decided to discontinue 

this focus. Instead, I would like to explore and write about the host inhibition mechanisms of 

ferroptosis. 

Several mechanisms have been identified that inhibit this process, offering potential therapeutic 

strategies for diseases like cancer. Ferroptosis suppressor protein 1 (FSP1) plays a pivotal role in 

preventing ferroptosis through multiple mechanisms. One of the primary pathways involves the 

FSP1-coenzyme Q10 (CoQ10)-NAD(P)H axis, where FSP1 catalyzes the reduction of CoQ10, 

which acts as an antioxidant to prevent lipid peroxidation [54]. Another important pathway is the 

tetrahydrobiopterin (BH4) pathway, which involves GTP cyclohydrolase 1 (GCH1). This pathway 

contributes to ferroptosis resistance by producing BH4, a radical-trapping antioxidant that helps 

mitigate lipid peroxidation. By modulating the levels of PUFAs in cellular membranes, BH4 plays 
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a critical role in maintaining membrane stability during oxidative stress conditions [55]. GPX4 is 

essential for protecting cells against ferroptosis by reducing lipid peroxides in a glutathione-

dependent manner. Inhibition of GPX4 leads to the accumulation of toxic lipid peroxides, 

triggering ferroptotic cell death. Thus, maintaining GPX4 activity is vital for cellular resistance to 

ferroptosis [56]. Additionally, metabolic products such as indole-3-pyruvate (I3P), generated by 

the enzyme interleukin-4-induced-1 (IL4I1) from tryptophan, exhibit anti-ferroptotic properties 

through radical scavenging and activation of protective gene expression pathways [57]. 

Phospholipase iPLA2β helps prevent ferroptosis by breaking down specific oxidized lipids, 

especially 15-HpETE-PE, which is produced either by 15LOX in complex with PEBP1 or by 

15LOXs alone [58, 59]. Dihydroorotate dehydrogenase (DHODH) inhibits ferroptosis in tumor 

cells by reducing P53 activity, a key tumor suppressor that promotes ferroptosis under oxidative 

stress. This suppression lowers ALOX15 expression, gene involved in lipid peroxidation, thereby 

decreasing lipid peroxide production [60]. A new thiol-independent defense mechanism in 

epithelial cells against Pseudomonas aeruginosa (PA) has been discovered, involving inducible 

nitric oxide synthase (iNOS) and nitric oxide (NO•). This process, demonstrates how NO• 

produced by macrophages inhibits ferroptosis in epithelial cells through intercellular 

communication [61]. Finally, the activation of AMP-activated protein kinase (AMPK) during 

glucose deprivation has been shown to inhibit PUFA biosynthesis, thereby limiting the substrates 

available for lipid peroxidation [62]. Recent findings revealed that ferroptosis can be inhibited 

through the development of highly selective inhibitors, known as FerroLOXINs (FerroLOXIN-1 

and FerroLOXIN-2), which target the catalytic complex of 15LOX-2/PEBP1 [63]. 

 

1.3 Studied bio-molecular systems 

Lipoxygenases (LOXs) are iron-containing enzymes that catalyze the oxygenation of PUFAs, 

playing a key role in lipid metabolism and biological processes such as inflammation. 

Phosphatidylethanolamine-binding protein 1 (PEBP1), also known as Raf kinase inhibitor protein 

(RKIP), is a multifunctional protein involved in regulating apoptosis, lipid metabolism, and signal 

transduction pathways [64]. Apart from proteins such as 15LOX-1 and PEBP1, we also examined 

the effects of substrates and a biological membrane composed of 1,2-Dioleoyl-sn-glycero-3-
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phosphocholine (DOPC) (50%), 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (30%), 

and the preferred substrate of 15LOX-1/PEBP1, 1-stearoyl-2-arachidonyl-phosphoethanolamine 

(SAPE) (20%). The structural representations of PUFA substrates are shown in Fig. 3. 

                                  

Figure 3. The structures of phospholipids that compose the membrane used in MD simulations. From 

left to right: DOPC with the molecular formula C44H84NO8P, DOPE with the molecular formula 

C41H78NO8P, and SAPE with the molecular formula C46H84NO8P. 

 

These LOXs and PEBP1 are central to understanding cellular mechanisms and are extensively 

studied in my thesis for their roles in the biophysical processes of ferroptosis and their interactions 

and dynamics with biological membranes and substrates. Previous investigations by my supervisor 

and collaborators into ferroptosis are detailed in the following publications [47, 59, 65-67]. 

15-lipoxygenase 

LOXs are a family of non-heme iron-containing enzymes that catalyze the oxygenation of PUFAs 

to form lipid hydroperoxides and are found widely in nature and are abundant in plants and animals 

[68]. These enzymes play significant roles in various biological processes, including inflammation, 

cell differentiation, and programmed cell death, particularly ferroptosis [69]. PUFAs containing 

cis double bonds are the substrates of these enzymes. Linoleic and linolenic acids (18-carbon fatty 

acids) and arachidonic acid (AA; 20-carbon fatty acid) are the most common substrates for LOXs 

in plants and animals, respectively [70, 71]. The nomenclature of these enzymes is based on the 

specific position of the carbon on substrates that is oxygenated. For example, 9-LOX and 13-LOX 

are important LOXs in plants, whereas 5-LOX, 12-LOX, and 15-LOX are found in animals [72]. 
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Figure 4. Crystal structure of human 15LOX-1. The iron atom is shown as a pink sphere, and catalytic 

residues, including H365, H540, H544, and I662, are depicted as green sticks. 

The structure of human 15LOX-1, illustrated in Fig. 4, was built through homology modeling 

using the rabbit 15LOX-1 structure (PDB: 2P0M [73]) in the Swiss Model server [74]. The 

sequence similarity between human 15LOX-1 and rabbit LOX is greater than 81%. 15LOX-1 

consists of 662 amino acids length with a total structural weight of 150.89 kDa. Its structure 

includes two main domains: a β-barrel domain, also known as the PLAT domain (G2-R114), and 

a catalytic domain (T115-I662). 
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Phosphatidylethanolamine-binding protein 1 

Phosphatidylethanolamine-binding protein 1 (PEBP1) is a multifunctional protein that plays a key 

regulatory role in several cellular processes, including signal transduction, apoptosis, and lipid 

metabolism [75]. PEBP1 has an alternative name, Raf kinase inhibitor protein, or RKIP. PEBP1 

suppresses cancer metastasis by targeting various stages, such as epithelial-to-mesenchymal 

transition (EMT), cell migration, and invasion [76, 77]. PEBP1 is primarily recognized for its 

specific binding to phosphatidylethanolamine and its capacity to inhibit the Raf1-MAPK pathway 

[78]. Several studies have also suggested its potential as a biomarker for Alzheimer’s disease (AD) 

[79, 80]. PEBP1 is found most abundantly in the brain, especially in the hippocampus region, 

though it's also present in organs like the liver and kidneys [81]. 

PEBP1 interacts with many different protein partners in cells. It blocks the activity of Raf-1, which 

prevents signals from being sent through MEK and ERK proteins – this control is essential for 

proper cell growth and development [82]. PEBP1 also stops several other important cellular 

processes: it blocks the NF-κB signaling pathway by interacting with IKK, prevents cell death 

through necroptosis by binding to and inhibiting RIP3 [82, 83], and reduces starvation-triggered 

autophagy by interacting with LC3 [84]. 

Furthermore, the transcription factor BTB and CNC homology 1 (BACH1) is negatively regulated 

by RKIP or PEBP1 and promotes breast cancer metastasis [85]. PEBP1 has gained significant 

attention for its role in modulating ferroptosis through its interaction with  

15-lipoxygenases (15LOXs). PEBP1 is a small, conserved protein known for its ability to bind 

phosphatidylethanolamine (PE), a major phospholipid component of cell membranes [47]. 

  

Figure 5. Crystal structure of human PEBP1. One chain is displayed (PDB: 1BEH). 
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PEBP1 shown in Fig. 5 consist of 187 amino acids length and the total structure weight of 42.17 

kDa. To find the interaction between 15LOX-1 and PEBP1, we used four monomers in our protein-

protein docking approach (PDB: 1BEH chain A, 1BEH chain B, 1BD9 chain A, 1BD9 chain B). 

15LOX-1/PEBP1 complex  

PEBP1 forms complexes with both isoforms, 15LOX-1 and 15LOX-2 that promotes phospholipid 

peroxidation, a key event leading to ferroptotic cell death [47]. The two isoforms, 15LOX-1 and 

15LOX-2, differ significantly in tissue distribution, substrate specificity, and roles in various 

biological processes. 15LOX-1 is mainly expressed in leukocytes, such as eosinophils and 

macrophages, and in epithelial tissues like the gastrointestinal tract and lungs, while 15LOX-2 is 

found predominantly in epithelial tissues like the prostate, skin, and cornea, with limited 

expression in lung and retina tissues, and is notably absent in peripheral blood leukocytes [86-88]. 

In terms of enzymatic specificity, 15LOX-1 has dual positional specificity, converting arachidonic 

acid to both 15-HETE and 12-HETE (15-HpETE-PE and 12-HpETE-PE for SAPE), allowing it to 

produce a broader range of lipid mediators [89]. In contrast, 15LOX-2 exhibits singular positional 

specificity, primarily generating 15-HETE [90] (15-HpETE-PE for SAPE). 15LOX-1 is involved 

in the nonimmunogenic clearance of apoptotic cells (ACs) through a process called efferocytosis, 

which is essential for preserving tissue homeostasis and avoiding chronic inflammation. In 

macrophages, 15LOX-1 oxidizes PUFAs, such as arachidonic acid, generating lipid mediators that 

promote the identification and removal of ACs by phagocytic cells [91]. 15LOX-2, on the other 

hand, is involved in SPM synthesis as well as in maintaining cholesterol homeostasis [92]. Despite 

these functional differences, they share a significant degree of structural similarity, with about 

<30% sequence identity [93, 94]. PEBP1 binds to 15LOX-1, altering its substrate specificity from 

free PUFAs to PUFA-containing phosphatidylethanolamines (PEs). This binding is crucial for the 

oxidative activity of 15LOX-1, enabling it to catalyze the oxidation of PUFA-PEs, which are 

particularly vulnerable to peroxidation due to their unsaturated bonds. The representation of the 

15LOX-1/PEBP1 complex is shown in Fig. 6a. 

The production of pro-ferroptotic lipid peroxides is catalyzed by a complex created from 15LOX 

and PEBP1 [47]. This interaction is crucial as PEBP1 modifies the substrate specificity of 15LOX-

1, allowing it to oxidize PE-bound PUFAs rather than free fatty acids. The interaction with PEBP1 

not only stabilizes the enzyme but also increases its catalytic effectiveness on 
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phosphatidylethanolamine substrates that contain arachidonic acid (C20:4, AA), or adrenic acid 

(C22:4, AdA) [62] or SAPE [65, 93]. The enzyme converts Fe²⁺ to Fe³⁺, creating a ferric iron-

hydroxy complex that abstracts a hydrogen at carbon atom C13 and inserting an oxygen molecule 

at C15 resulting in the 15-HpETE-PE product and occasionally abstract a hydrogen at the C10 

atom to generate an alternative product, 12-HpETE-PE [95]. The accumulation of lipid 

hydroperoxides such as 15-HpETE-PE and 12-HpETE-PE is associated with ferroptosis. The 

stages of lipid peroxidation that contribute to ferroptosis are depicted in Fig. 6b. 

 

Figure 6. Lipid peroxidation mechanism of ferroptosis mediated by 15LOX-1/PEBP1 complex. (a) 

The structural representation of the human 15LOX-1/PEBP1 complex, with 15LOX-1 shown in gray and 
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PEBP1 highlighted in cyan. The pink sphere denotes the iron cofactor within the catalytic site of 15LOX-

1. (b) The sequential steps of lipid peroxidation leading to ferroptosis. Unsaturated lipids (left) undergo 

hydrogen abstraction by 15LOX-1, generating lipid radicals, and finally, lipid hydroperoxides, such as 15-

HpETE-PE and 12-HpETE-PE (right), which trigger ferroptotic cell death. For visual clarity, hydrogen 

atoms were omitted in the molecular representations. 

 

 

1.4 Computational biophysics methods 

Molecular docking  

Molecular docking is one of the most widely used computational methods in structure-based drug 

design and has been extensively employed since the early 1980s [96]. It is the preferred tool when 

the three-dimensional (3D) structure of the target protein is available. The growing popularity of 

molecular docking has been driven by advancements in computational power, the increasing 

availability of small molecule and protein structures, and easier access to these resources. The 

primary aim of molecular docking is to understand and predict molecular recognition, both in terms 

of structure (identifying potential binding modes) and energetics (predicting binding affinity) [97]. 

Initially, molecular docking focused on interactions between small molecules (ligands) and target 

macromolecules (proteins). However, over the past decade, interest has expanded to include 

protein-protein docking, nucleic acid (DNA and RNA)-ligand docking, and nucleic acid-protein-

ligand docking [98]. Molecular docking has found applications across various fields in physical 

and chemical sciences, such as understanding ligand-protein interactions, structure elucidation, 

virtual screening for drug discovery [99], drug repurposing [100], studying signal transduction. 

Protein-protein docking is a rapidly growing area of research due to its potential in predicting 

protein-protein interactions (PPIs) and identifying key residues at the protein-protein interface 

[101]. While it shares the basic principles with protein-small molecule docking, protein-protein 

docking presents unique challenges, particularly in exploring the vast conformational space. Even 

for relatively rigid proteins, it is difficult to account for the rotational and conformational space of 

possible orientations that two proteins might adopt during interaction. This complexity leads to a 

significant computational cost due to the large number of degrees of freedom involved [102]. 

Because protein-protein interfaces tend to be large, flat, and lack distinct pockets, the search 

algorithms used for protein-protein docking must differ from those used in protein-ligand docking 
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[103]. The dynamic nature of proteins adds another layer of complexity, as they continuously 

transition between various conformers with different energy states. Capturing this inherent 

flexibility during docking remains a significant challenge [104]. 

HDOCK is a web server for modeling protein-protein and protein-DNA/RNA complex structures 

based on a hybrid docking algorithm that combines template-based modeling and ab initio free 

docking [105]. We used HDOCK for protein-protein docking to find the 15LOX-1/PEBP1 

complex and Smina program for protein-substrate docking to find the spatial structure of 15LOX-

1/PEBP1/SAPE complex. Smina is a fork for AutoDock Vina [106] that provides enhanced 

support for minimization and scoring [107]. 

Molecular dynamics simulations 

Molecular dynamics (MD) is a computer-based technique that predicts how atoms and molecules 

move over time by calculating their motion using Newton's physics laws [108]. MD simulations 

have resulted in significant progress across various scientific fields, including chemistry, materials 

science, and biophysics [109]. This computational approach has shown significant importance in 

the thorough characterization of biomolecular systems such as proteins, nucleic acids, lipid 

membranes at atomic resolution across timescales from nanoseconds to microseconds [110]. 

 

 

Figure 7. Molecular mechanics potential energy function. Illustrating the contributions from bonded 

interactions (bonds, angles, and dihedrals) and non-bonded interactions [111, 112] (van der Waals and 

electrostatics). These components form the basis for energy calculations in molecular dynamics simulations 

[113]. Bonded terms are bond stretching (r: bond length, req: equilibrium bond length, kb: bond force 

constant), angle bending (θ: bond angle, θeq: equilibrium bond angle, kθ: angle force constant), and dihedral 

torsion (ϕ: dihedral angle, Vn: barrier height, n: periodicity, γ: phase angle). Non-bonded terms include Van 

der Waals interactions (Aij,Bij: constants, Rij: distance between atoms i and j) and electrostatic interactions 

(qi, qj: atomic charges, ϵ: dielectric constant, Rij: distance between charges). 
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A force field function is made up of two main elements: bonded and non-bonded, which are 

illustrated in Fig. 7 [114] depicts the overall potential energy (𝐸total) of a molecular system. Force 

fields are fundamental tools for understanding the potential energy within particle systems. They 

are constructed using parameters obtained from experimental data and quantum mechanical 

analyses of both biological molecules and small molecules [115]. Various force fields, including 

AMBER [113], CHARMM [116], GROMOS [117], and OPLS-AA [118], are commonly 

employed for biomolecular simulations. 

To replicate experimental conditions, MD simulations must consider various physical parameters, 

such as temperature and pressure. Protein simulations are often performed in a canonical (NVT) 

or isothermal-isobaric (NPT) ensemble, particularly during the equilibration phase. The protein is 

placed in a simulation box and solvated with an explicit solvent. Common water models used for 

this purpose include TIP3P, TIP4P, TIP5P, SPC, and SPC/E. These models, based on quantum 

mechanics and validated by experiments [119], simulate complex hydration dynamics such as 

solvent dipole orientation, electrostatic shielding, hydrogen bonding, and hydrophobic 

interactions. Due to the time limitations of MD simulations and the complex quantum nature of 

hydrogen bonds, explicit treatments of hydrogen bonds are often approximated. Techniques like 

the SHAKE algorithm [120] are employed to maintain solvent hydrogen positions by constraining 

bond lengths involving hydrogen atoms. Implicit solvent models are sometimes used to 

approximate the solute's potential of mean force, averaging over the solvent's degrees of freedom. 

To maintain charge neutrality in the system, ions are often added, replacing some solvent 

molecules. Periodic boundary conditions are frequently applied, replicating the system in all 

directions to avoid edge effects and ensure the conservation of mass and particle number. Long-

range electrostatic interactions in these periodic systems are typically handled using the Ewald 

summation method [121]. 

Energy minimization aims to identify the system's global minimum energy configuration by 

optimizing the atomic geometry to a state where the net attractive forces on each atom are 

maximized [116]. Two common techniques for energy minimization are the steepest descent and 

conjugate gradient methods. The steepest descent method, a first-order iterative approach, uses the 

gradient of the potential energy surface to guide the system toward the nearest energy minimum 

[122]. Additionally, correcting the protonation states of titratable residues is crucial for accurate 
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simulations. This can be achieved through methods like Free Energy Perturbation (FEP) [123] in 

MD simulations or by using continuum electrostatics models such as Finite Difference Poisson-

Boltzmann (FDPB) [124] or Protein Dipole-Langevin Dipole (PDLD) [125]. These methods help 

account for the electrostatic environment, ensuring the system's protonation states are correctly 

represented. 

During the heating phase of MD simulations, atoms are initially assigned velocities corresponding 

to a temperature of close to 0 K, and the system's temperature is gradually increased by adjusting 

these velocities. Newton's equations of motion are integrated over time to evolve the system, with 

constraints on various regions being progressively removed as the system heats up and structural 

tensions relax. Thermalization typically occurs at constant volume using Langevin dynamics 

[126]. 

Following the heating phase, equilibration is conducted to balance the kinetic and potential 

energies, ensuring that the kinetic energy introduced during heating is evenly distributed among 

all degrees of freedom [87]. In simulations involving explicit solvents, the position of the protein 

is initially fixed while the solvent equilibrates around it. Once the solvent has reached equilibrium, 

constraints on the protein are lifted, allowing the entire system to evolve cohesively. 

The final step, the production phase, involves running the simulation for the desired timescale, 

typically ranging from hundreds of picoseconds to microseconds or longer, without constraints on 

the protein. This phase generates a trajectory of the protein under specific equilibrium conditions 

like NVT, NPT, or NVE ensembles [127]. Recently, in MD simulations, machine learning has 

accelerated simulations by predicting molecular behaviors and optimizing energy landscapes, 

thereby reducing computational costs [128]. Additionally, ML can handle large datasets from MD 

simulations, extracting meaningful features and enhancing insight into molecular interactions, with 

convolutional neural networks (CNNs) being particularly effective for image-based data 

processing [129]. 

Full-atomic MD simulations were performed using NAMD [130] package and the CHARMM36m 

force field, and 2 fs time steps. The proteins were solvated with explicit water (TIP3P) at 

physiological salt concentrations. CHARMM force field parameters for bonded iron were obtained 

using Gaussian [131] (DFT B3LYP/6–31(d,p) method). We performed two sets of simulations for 

each system, with and without membrane. Prior to productive runs without membrane, the following 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/namd
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/step-time
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gaussian-distribution
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protocol was adopted: 0.2 ns of water equilibration, 10,000 steps of minimization, 0.35 ns of heating 

from 0 to 300 K, and 0.15 ns equilibration of the whole system. A cutoff of 12 Å for non-bonded 

interactions was applied. Langevin dynamics and the Langevin piston algorithm were used to 

maintain the temperature at 300 K [132] and the pressure at 1 atm [133]. Simulations with the 

membrane composed of 1,2-dioleoy-sn-glycero-3-phosphocholine (DOPC, 50%), 1,2-dioleoy-sn-

glycero-3-phosphoethanolamine (DOPE, 30%), and 1-stearoyl-2-arachidonyl-phosphoethanolamine 

(SAPE, 20%) were prepared in CHARMM GUI server [134]. We used the PPM/OPM [135] server 

to predict the orientation of the protein complex in the membrane. 

 

2. Publications constituting the dissertation 

This dissertation investigates the biological mechanism of ferroptosis, a form of cell death 

triggered by a complex formed between the enzyme 15-lipoxygenase-1 (15LOX-1) and its binding 

partner phosphatidylethanolamine (PE)-binding protein 1 (PEBP1), in the presence of different 

components, such as the substrate SAPE, O2 molecules, and a biological membrane. 

Computational biophysical approaches, including molecular dynamics simulations and molecular 

docking calculations, were employed to model and analyze the interactions between these 

components and their effect on the ferroptosis mechanism. The findings are presented in three 

articles, referred to as articles A, B, and C. 

Article A examines the use of computational structural modeling techniques, such as molecular 

docking, to study the complex formation between human 15LOX-1 and PEBP1. Additionally, MD 

simulations were performed to observe the evolution of conformational changes within the 

15LOX-1/PEBP1 complex. The study demonstrates that the association of the human 15LOX-

1/PEBP1 complex with cellular membranes induces significant conformational adjustments, 

facilitating access to the catalytic site for specific substrates, particularly stearoyl/arachidonoyl-

PE (SAPE). This binding stabilizes the complex and enhances its catalytic activity, supporting 

lipid peroxidation reactions that generate hydroperoxy derivatives, such as 15-HpETE-PE or  

12-HpETE-PE in a ratio of 5:1. Furthermore, the study examines experimentally observed 

mutations using MD simulations of H86A, H86E, P74L, and P112E on PEBP1 and their potential 



30 
 

effects on complex formation. Evaluations of the predicted 15LOX-1/PEBP1 interactions with 

PEBP1 mutants at residues participating in interfacial interactions with 15LOX-1, both in silico 

and through liquid chromatography-mass spectrometry (LC-MS) experiments provided by our 

collaborators, revealed the key role of residue P112. These findings, supported by experimental 

validation, present significant opportunities for developing novel therapeutics that specifically 

target 15LOX-1/PEBP1 complexes, providing valuable insights into ferroptotic processes and the 

detailed biophysical mechanisms of 15LOX-1/PEBP1 at the atomic scale. 

Article B elaborates on WatFinder, a tool developed and integrated into the ProDy framework, an 

open source Python package used by the scientific community (> 2 mln downloads), to identify 

and visualize protein-water interactions, including water bridges and clusters, which are important 

for understanding protein dynamics and stability. It supports ensemble analysis to track interaction 

patterns and temporal changes in explicit water environments. WatFinder provides raw data, 

statistical outputs, and visualizations to evaluate recurrent protein-water interaction patterns and 

their probabilistic occurrence. It supports various input formats, such as PDB, mmCIF, and MD 

trajectory files (DCD format), enabling the analysis of individual structures, ensembles of NMR 

models, homologous structures, or molecular dynamics simulations. WatFinder aids in 

understanding biophysical processes by providing insights into hydration dynamics to support 

applications in drug design, enzyme catalysis, and membrane protein studies. 

Article C investigates oxygen diffusion pathways in human 15LOX-1 under varying oxygen 

concentrations and in the presence of key components, including the substrate SAPE, binding 

partner PEBP1, and the membrane environment. The study demonstrates that membrane and 

substrate SAPE binding open the 15LOX-1/PEBP1 complex, enhancing O₂ acquisition at the 

catalytic site. Sequence and structural comparisons among different LOX family members 

revealed conserved residues and motifs for O₂ transport through two identified tunnels: Entrance 

A (I-[ND]-x-x-[AG]-R-x-x-L-[IV]) and Entrance B ([ST]-H-[LW]-[AL]-x-x-H-[LA]). Moreover, 

two O₂ binding sites were identified at the 15LOX-1 catalytic site: one supports single oxidation, 

while the other may facilitate double oxidation of the substrate. Additionally, lipidomics 

experiments provide insights into the formation of oxidized products by the 15LOX-1/PEBP1 

complex, pointing to both single- and double-oxidized products. Moreover, frequently observed 

water clusters at the catalytic site found among 140 crystal structures of LOX family members 
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may potentially stabilize O₂ transport and/or aid product release. These findings advance our 

understanding of 15LOX activity and open new avenues for exploring targeted interventions to 

modulate ferroptosis, with potential implications for therapeutic strategies and biophysical 

processes in diseases involving lipid peroxidation. 

 

 

3. Author Contribution statement 

This thesis consists of three papers. In the first paper A, I was the first author. In the second paper 

B, I was a co-author. In the third paper C, I am the first author, and it is available as pre-print on 

SSRN. 

Hereby, I declare that my contributions to the paper A are as follows: 

Manivarma, T., Kapralov, A. A., Samovich, S. N., Tyurina, Y. Y., Tyurin, V. A., 

VanDemark, A. P., Nowak, W., Bayir, H., Bahar, I., Kagan, V. E., & Mikulska-Ruminska, 

K. (2023). Membrane regulation of 15LOX-1/PEBP1 complex prompts the generation of 

ferroptotic signals, oxygenated PEs. Free Radic Biol Med, 208, 458-467.  

Impact factor: 7.1, MNiSW points: 140, Q1 

As the first author, I conducted the molecular docking of the protein-protein interaction (15LOX-

1 and PEBP1) using HDOCK, as well as the molecular docking of the protein-substrate complex 

(15LOX-1/PEBP1 and SAPE substrate) using Smina tool. Molecular dynamics simulations of 

15LOX-1/PEBP1 with and without a membrane were performed using NAMD package, as 

described in sections 3, 3.1, and 3.2. The initial setups for the membrane-based simulations were 

prepared via the CHARMM-GUI server. Additionally, I prepared simulations with point mutations 

in PEBP1 (P112E, H86A, H86E, and P74L) as described in section 3.3. Simulations were 

performed on NVIDIA GeForce RTX 3090 clusters, and figures (most of the panels in Figures  

1-3 and 5) were created using the VMD program, with plots generated using Python. I also wrote 

a Tcl script to compute the time evolution of the angle θ for the 15LOX-1/PEBP1 complex shown 

in Figure 2. 
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Hereby, I declare that my contributions to the paper B are as follows: 

Krieger, J. M., Doljanin, F., Bogetti, A. T., Zhang, F., Manivarma, T., Bahar, I., & 

Mikulska-Ruminska, K. (2024). WatFinder: A ProDy tool for protein-water interactions. 

Bioinformatics. 

Impact factor: 4.4, MNiSW points: 200, Q1 

As a co-author, I was responsible for testing all functions and verifying various parameters to 

assess water clusters using different files, including PDBs, PDB ensembles, and trajectory files. 

Tests were performed on various biological systems, starting from single- to multiple-chain 

systems like chaperones, with parallel computations also being conducted to enhance efficiency 

and scalability.  

 

Hereby, I declare that my contributions to the paper C (under review in Redox Biology journal, 

available on SSRN as pre-print) are as follows: 

Link to the paper : https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5060100 

Manivarma T, Nowak W, Tyurina YY, Tyurin VA, Bayir H, Kagan VE, Mikulska-

Ruminska K. (2024). The presence of substrate warrants oxygen access tunnels toward the 

catalytic site of lipoxygenases. SSRN. (under review in Redox Biol) 

Impact factor: 10.7, MNiSW points: 140, Q1 (if accepted) 

As the first author, I conducted simulations of 15LOX-1/PEBP1 under various oxygen 

concentrations (1 O₂, 2 O₂, and 15 O₂). These simulations were performed both with and without 

the substrate SAPE, as well as in the presence or absence of a membrane, totaling 20 μs of 

simulation time. Additionally, I carried out multiple sequence alignment, electrostatic potential 

surface analysis, and perturbation response scanning analysis. I also used the WatFinder tool to 

identify oxygen and water clusters in the MD simulations. I created figures (most of the panels in 

Figures 1–5) using VMD, with plots generated in Python. All simulations were conducted on an 

NVIDIA GeForce RTX 3090 GPU Clusters.  
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4. The aims of the PhD project 

The aims of the doctoral thesis were to:  

1. Examine the dynamics and interactions of the 15LOX-1/PEBP1 complex in the presence 

of a phospholipid membrane and the substrate SAPE at the atomic level. 

 

2. Explore the structural changes in the 15LOX-1/PEBP1 complex induced by membrane 

association and substrate SAPE binding and how these interactions facilitate substrate 

access to the catalytic site and regulate enzymatic activity. 

 

3. Evaluate the impact of PEBP1 mutations at interfacial residues on the formation of the 

15LOX-1/PEBP1 complex and its peroxidation mechanism. 

 

4. Investigate the contribution of PEBP1 to substrate specificity and product generation  

(15-HpETE-PE and 12-HpETE-PE) on the catalytic activity. 

 

5. Explore how the membrane environment influences the structural rearrangement of 

15LOX-1/PEBP1, facilitates substrate entry, directs oxygen transport, and regulates 

catalytic activity leading to ferroptotic lipid peroxidation. 

 

6. Identify oxygen diffusion pathways and binding sites within the 15LOX-1 catalytic pocket, 

exploring the role of conserved residues, oxygen tunnels, and water clusters in regulating 

oxygen acquisition and peroxidation. 

 

7. Investigate the molecular basis of pre-peroxidation stage of singly- and doubly-oxidized 

PUFA-PEs. A quantum-level study of the mechanism will be conducted in the near future. 

 

The results of the investigation described above are presented in three original articles, Article A, 

Article B, and Article C presented below. 
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A B S T R A C T   

Ferroptosis is a regulated form of cell death, the mechanism of which is still to be understood. 15-lipoxygenase 
(15LOX) complex with phosphatidylethanolamine (PE)-binding protein 1 (PEBP1) catalyzes the generation of 
pro-ferroptotic cell death signals, hydroperoxy-polyunsaturated PE. We focused on gaining new insights into the 
molecular basis of these pro-ferroptotic interactions using computational modeling and liquid chromatography- 
mass spectrometry experiments. Simulations of 15LOX-1/PEBP1 complex dynamics and interactions with lipids 
revealed that association with the membrane triggers a conformational change in the complex. This confor-
mational change facilitates the access of stearoyl/arachidonoyl-PE (SAPE) substrates to the catalytic site. 
Furthermore, the binding of SAPE promotes tight interactions within the complex and induces further confor-
mational changes that facilitate the oxidation reaction. The reaction yields two hydroperoxides as products, 15- 
HpETE-PE and 12-HpETE-PE, at a ratio of 5:1. A significant effect of PEBP1 is observed only on the predominant 
product. Moreover, combined experiments and simulations consistently demonstrate the significance of PEBP1 
P112E mutation in generating ferroptotic cell death signals.   

1. Introduction 

Ferroptosis is an iron-dependent programmed cell death that occurs 
upon massive accumulation of lipid hydroperoxides [1] – a unique 
feature that distinguishes it from other cell death programs [2]. It is one 
of the most preserved and ancient forms of cell death characteristic of all 
domains of life, including evolutionarily remote species [3–5]. It is 
implicated in a broad range of diseases [3,6], including neurodegener-
ative diseases (e.g., Alzheimer’s [7,8] and Parkinson’s [9,10] where 

iron-dependent accumulation of lipid peroxides is enhanced), 
cerebello-cortical atrophy, sepsis, or bacterial and viral diseases [11,12], 
as well as multiple organ inflammation in COVID-19 [13–16], kidney 
failure, brain trauma, and asthma [17–19]. Targeted induction of fer-
roptosis has been proposed to have a potential in cancer therapy and in 
treating auto-immune diseases [20–22]. 

Three major factors trigger ferroptosis in cells: accumulation of 
redox-active iron, lipid peroxidation, and thiol dysregulation. Lipid 
peroxidation occurs through enzymatic or non-enzymatic mechanisms 
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[23,24] and depends on reactive oxygen species, iron, and poly-
unsaturated phospholipids (PLs) rich in bis-allylic carbons. Here we 
focus on the generation of pro-ferroptotic lipid peroxides catalyzed by a 
complex formed between 15-lipoxygenase (15LOX) (a non-heme 
Fe-enzyme) and phosphatidylethanolamine-binding protein 1 (PEBP1). 
In 15LOX, a Fe2+ to Fe3+ oxidation generates a ferric iron-(-
Fe3+)-hydroxy species that triggers a stereoselective hydrogen abstrac-
tion from the polyunsaturated fatty acids (PUFAs) substrate, which is 
thus oxidized to a carbon-centered radical capable of reaction with 
unactivated molecular oxygen to yield a peroxyl radical as the primary 
oxygenated intermediate [25,26]. Iron is also essential for the proper 
positioning of the substrate enabling the oxygenation reaction to take 
place. While different types of PUFAs are involved in peroxidation, two 
fatty acyls – arachidonoyl (C20:4, AA) and adrenoyl (C22:4, AdA), 
esterified into PE are major substrates of the 15LOX/PEBP1 complex 
[19,27,28]. 

There are two isoforms of 15LOX, 15LOX-1 and 15LOX-2. These 
isoforms exhibit distinct expression in different tissues and generate 
partially diverse oxygenation products [25,29]. 15LOX-1 and -2 share 
high structural similarity with 36% sequence identity [4,5]. Either iso-
form binds to PEBP1 complexed with 15LOX, which enables PL perox-
idation leading to ferroptotic cell death [19]. PEBP1 binding changes the 
substrate specificity of 15LOX to endow catalytic competence towards 
the esterified PUFA-PL, stearoyl/arachidonoyl-PE (SAPE), and generate 
hydroperoxy-PEs [19,30–33]. However, the atomic-level mechanism of 
PL peroxidation by 15LOX/PEBP1 remains to be elucidated. 

The role of the PL membrane had been initially underestimated and 
considered only as a mere scaffold for facilitating the binding of mem-
brane proteins. Numerous studies in the past years have shown that the 
lipids themselves regulate the localization and activity of many 
membrane-associated/peripheral proteins [34]. Among such proteins 
exhibiting membrane-mediated activities, we distinguish cytochromes 
[35–37] or phospholipases [10,38], which possess an ability to selec-
tively associate with the PL bilayer, facilitating the extraction of PL 
substrates from the membrane to initiate the enzymatic reaction. 

In the present study, we report the first computational study of the 
dynamics and interactions within the 15LOX-1/PEBP1 complex in the 
presence of a PL membrane that reveals the mechanism of SAPE sub-
strate acquisition to the catalytic site of 15LOX, triggered by protein- 
membrane interactions. We confirmed the mechanistic model deduced 
from molecular dynamics (MD) simulations by mutagenesis studies 
using liquid chromatography-mass spectrometry (LC-MS) experiments, 
including the significance of PEBP1 P112E mutation in generating fer-
roptotic cell death signals. Moreover, we demonstrated the regulatory 
role of PEBP1 in the peroxidation of SAPE to the most predominant 
product, 15-HpETE-PE. 

2. Methods 

Molecular docking. In order to determine the structural model of the 
human 15LOX-1/PEBP1 complex, we applied a series of molecular 
docking simulations using the HDOCK server [39]. The initial structure 
of the human 15LOX-1 (Uniport ID: P16050) was obtained from the 
homology model of rabbit form (PDB ID: 2p0m [40]) using the 
Swiss-Model server [41]. The sequence identity between these se-
quences is >81%. To have an ensemble of PEBP1 structures, we used 
four monomers in our protein-protein docking approach (PDB ID: 1behA 
[42], 1behB, 1bd9A [42], 1bd9B). In total, we generated 100 hypo-
thetical models for the 15LOX-1/PEBP1 complex which we narrowed 
down to four based on experimental findings [19], i.e. the effect muta-
tions at P112 in PEBP1 and role of C-terminal helix of PEBP1 in the 
complex formation. These four computational models (called Models 
1–4) were subjected to further investigation (see Supplementary 
Fig. S1A). Docking simulations were performed using the SMINA 
package [43] to identify the initial position of SAPE at the catalytic site 
of 15LOX-1 complexed with PEBP1, to be adopted in MD simulations of 

Models 1 and 3. We performed 5 runs for each system and selected SAPE 
conformations which had the highest binding affinity and placing the 
sn-2 chain C13 carbon atom of SAPE in a close proximity to the iron at 
the catalytic site as required for the peroxidation reaction. 

Molecular Dynamics simulations. Full-atomic MD simulations were 
performed for Models 1–4 using NAMD [44] package and the CHARMM 
[45] force field, and 2 fs time steps. The proteins were solvated with 
explicit water (TIP3P) at physiological salt concentrations. CHARMM 
force field parameters for bonded iron were obtained using Gaussian 
[46] (DFT B3LYP/6–31(d,p) method). 

We performed two sets of simulations for each system, with and 
without membrane. Prior to productive runs without membrane, the 
following protocol was adopted: 0.2 ns of water equilibration, 10,000 
steps of minimization, 0.35 ns of heating from 0 to 300 K, and 0.15 ns 
equilibration of the whole system. A cutoff of 12 Å for non-bonded in-
teractions was applied. Langevin dynamics and the Langevin piston al-
gorithm were used to maintain the temperature at 300 K and the 
pressure at 1 atm. For each system we performed >600 ns (3 MD runs, 
each >200 ns). We further eliminated Model 4 which was highly 
unstable. 

Simulations with the membrane composed of 1,2-dioleoy-sn-glycero- 
3-phosphocholine (DOPC, 50%), 1,2-dioleoy-sn-glycero-3-phosphoetha-
nolamine (DOPE, 30%), and 1-stearoyl-2-arachidonyl-phosphoethanol-
amine (SAPE, 20%) were prepared in CHARMM GUI server [47]. We 
used the PPM/OPM [48] server to predict the orientation of the protein 
complex in the membrane. For each system, we performed 250 ns sim-
ulations (Supplementary Table 2). Model 2 due to the increase in the 
distance between P112 and 15LOX-1 structure was eliminated from 
further consideration. 

Next, for Models 1 and 3, we performed 200 ns long simulations of 
the 15LOX-1/PEBP1 complex with SAPE as a substrate bound to the 
catalytic site. For Model 1, we further performed 75 ns simulations with 
point mutations in PEBP1 (P112E, H86A, H86E, and P74L). We used our 
own scripts in ProDy [49] API and VMD [50] for analyses and visuali-
zation. The Adaptive Poisson–Boltzmann Solver (ABPS) [51] software 
was used to predict the electrostatics. 

PEBP1 expression and purification: Full-length human PEBP1 and 
related mutants were cloned into a pET21-derived bacterial expression 
plasmid (EMD Millipore, Billerica, MA) modified to express PEBP1 with 
N-terminal His 10-and mRuby 2 tags [52]. All PEBP1 constructs were 
cloned into the modified pET21-mRuby2 vector by Gibson Assembly 
(New England Biolabs, Billerica, MA) using primers with homology at 
the upstream (sense) NdeI site (5′-GGTCTGAGGGGATACACTCA 
TATG-3′) and downstream (antisense) EcoRI site (5′-GCTTGTCGA 
CGGAGCTCGAATTC-3′) of the vector. Preparation of mutations, evalu-
ation of clones, expression and purification of proteins were performed 
as described in [19]. Before performing experiments, PEBP1 was 
desalted into 5 mM Bis-Tris (pH 6.5), 25 mM NaCl as described 
previously. 

15LOX-1 expression and purification: Plasmids for expressing the 
catalytic domain (residues 112–663) of porcine 15LO1 was generously 
provided to us by Max Funk. Purification was carried out as previously 
described [19,53]. 

Cross-linking: Recombinant human PEBP1 (2 μM) and porcine 15 
LOX1 (2 μM) crosslinking was performed by incubation with 0.1% 
glutaraldehyde in 20 mM HEPES (pH 7.4) for 15 min. The reaction was 
stopped by addition of tris-HCl (pH 7.5) to final concentration 200 mM 
followed by ncubation for 15 min at room temperature. SDS PAGE of 
samples was performed in 7.5% running gel and proteins were stained 
by GelCode SilverSNAP kit (ThermoFisher Scientific). In some cases, 
proteins were electro-transferred to nitrocellulose membrane, blocked 
by 5% skim milk and PEBP was immunodetected using PEBP-specific 
antibodies (Santa Cruz, # SC-28837, 1:1000), HRP-conjugated goat 
anti-rabbit IgG H&L (Sigma, #A0545, 1:1000) as secondary antibodies 
and SuperSignal West Pico Substrate (ThermoFisher Scientific). The 
densities of protein bands were assessed by an open source image 
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processing program: Image J. 
Far-western blotting: The interaction between PEBP and 15LOX in 

vitro was examined with far-western blotting. To assess the interaction of 
wild type and mutated PEBP1 with 15LO1, wt PEBP1 as well as mutants 
PEBP1 (4 μM) were separated on 10% Tris-glycine SDS-PAGE and 
electrically transferred to a nitrocellulose membrane. Proteins were 
renatured by incubation of the membrane in buffer (100 mM NaCl, 20 
mM Tris (pH 7.6), 0.5 mM EDTA, 10% glycerol, 0.1% Tween-20, 2% 
skim milk powder and 1 mM DTT) containing decreasing concentration 
of guanidine HCl (6 M, 3 M, 1 M, 0.1 M, 0 M) and the membrane was 
blocked with 5% skim milk. 

Then the membrane was incubated in 0.5 ml of protein-binding 
buffer (100 mM NaCl, 20 mM Tris (pH 7.6), 0.5 mM EDTA, 10% glyc-
erol, 0.1% Tween-20, 2% skim milk powder and 1 mM DTT) containing 
3 μM 15LOX-1 and DOPE/DOPC liposomes (1:1) (ratio DOPE to 15 LO1 
25:1) at 4 ◦C overnight. Bound with membrane 15LOX-1 was immuno-
detected with 15LOX-specific antibodies (Life Span Biosciences Inc, 
#LS-111783, 1:2000) after 1.5 h incubation at room temperature. HRP- 
conjugated goat anti-rabbit IgG H&L (Sigma, #A0545,1:1000), was used 
as the secondary antibody, and bands were detected using SuperSignal 
West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific) 

Liposome preparation: Liposomes of DOPC/SAPE (1:1) were pre-
pared using Avanti® Mini-Extruder. Briefly, 1,2-dioleoyl-PC (DOPC) 
and 1-stearoyl-2-arachidonyl-PE (SAPE) (Avanti Polar Lipids Inc.), lipids 
were dried with a stream of nitrogen gas and resuspended in 25 mM 
HEPES buffer, containing 100 μM diethylenetriaminepentaacetic acid 
(DTPA) pH 7.4 to achieve a final lipid concentration of 200 μM. The 
suspension was shaken vigorously and extruded through a poly-
carbonate membrane with 100 nm pores. 

Lipoxygenase activity was assessed by the formation of primary 
products of SAPE oxidation, 15-HpETE and 12-HpETE. Briefly, DOPC/ 
SAPE liposomes were incubated with human recombinant 15LOX1 
(0.04 μM) in the presence or in the absence of PEBP1 or PEBP1 mutant 
P112E (0.04 μM) for 2.5 min at 37 ◦C. To prevent the conversion of lipid 
hydroperoxides to secondary products during incubation, the HEPES 
buffer was saturated with oxygen. At the end of incubation lipids were 
extracted using Folch procedure [54] and analyzed by LC-ESI-MS/MS. 

LC-ESI-MS/MS analysis of phospholipids: LC-ESI-MS/MS analysis 
was performed on a Thermo Ultimate 3000 HPLC system coupled to a 
hybrid quadrupole-orbitrap mass spectrometer, (Q-Exactive, Thermo-
Fisher Scientific) with an Xcalibur operating system. The instrument was 
operated in negative ion mode at a voltage differential of − 4.0 kV and 
source temperature of 320 ◦C. Sheath gas and s-lens were set at 20 and 
65, respectively. The resolution was set at 140,000 with a scan range of 
m/z 150–1800 and a user-defined mass tolerance of 5 ppm m/z values 
for the oxidized species are presented to 4 decimal places. MS/MS was 
performed in data dependent mode with HCD fixed at 24 and a resolu-
tion of 17,500. Non-oxidized and oxidized lipids were separated on a 
reverse phase Accucore C30 column (2.6 μm, 250 × 2.1 mm (Thermo-
Fisher Scientific)) at a flow rate of 0.1 mL/min. Column temperature was 
set at 35 ◦C. The column was eluted using a gradient solvent system 
consisting of mobile phase A (acetonitrile/water, 50/50 v/v) and mobile 
phase B (2-propanol/acetonitrile/water, 85/10/5 v/v). Both mobile 
phases contained 5 mM ammonium formate and 0.1% formic acid. The 
gradient was performed as follows: 30%–70% B, 0–20 min; 70%–100% 
B, 20–55 min; 100% B, 55–70; 100%–30% B, 70–85 min; 30% B, 85–95 
min for equilibration of the column. All gradients were linear. 

3. Results 

Docking and molecular dynamics simulations indicate that 15LOX- 
1/PEBP1 complex preferentially selects closed conformers in solution. 

To establish a structural model for the human 15LOX-1/PEBP1 
complex, we performed extensive molecular docking simulations and 
generated over 100 conformations. We used as input 15LOX-1 [40] and 
several crystallographic PEBP1 [42] structures (with pairwise 

root-mean-square deviations (RMSDs) of ~0.3 Å). Simulations revealed 
several hot spots on PEBP1, including A30, K47-R49, K80-Y81, 
D96-V102, D105, P112-K113, I137-H145, and the C-terminal helix 
D175-Y186 (Supplementary Fig. S1A). 15LOX-1 exhibited a preference 
for interfacial interactions at the F174-N192 (α2) and F583-L596 helices 
(Supplementary Table 1). 

Based on our previous experiments [19] suggesting that PEBP1 res-
idue P112 and C-terminal helix might be essential to association with 
15LOX-1, we selected four models, Models 1–4 (Supplementary 
Fig. S1B): (i) Model 1, proposed in our previous work [19] (also repro-
duced here); (ii) a 180◦-rotated structure where P112 (in red) and 
C-terminal helix (in orange) face the 15LOX-1 β-barrel instead of its α2 
helix (Model 2, Supplementary Fig. S1B); (ii-iv) two variants of Model 1 
with slightly different association sites on 15LOX-1 α2 helix (Models 3 
and 4). Examination of the stability of these models by MD simulations 
of 200 ns in explicit water showed that Models 1–3 were stable in so-
lution and retained their closed form (tight interactions between PEBP1 
and the α2 helix and β-barrel of 15LOX-1) as indicated by the RMSDs in 
atomic coordinates that remained around 3–4 Å; whereas Model 4 
exhibited three times higher RMSDs. Supplementary Fig. S2 provides a 
description of the simulation protocol, and Supplementary Fig. S3 dis-
plays the time evolution of RMSDs for the four systems, each conducted 
in triplicate, except for Model 4 that showed large departures from the 
original pose in two runs. Model 4 was excluded from further studies due 
to its instability, and the conformational dynamics of Models 1–3 were 
further investigated. 

Membrane interactions trigger opening of the complex to expose a 
pore for phospholipid access to the catalytic site. 

Several studies have shown that membrane association may elicit 
conformational changes in peripheral proteins, thus impacting their 
function [55–58]. We performed MD simulations for Models 1–3. Sup-
plementary Table 2 describes the set of MD runs (a total of 7.7 μs) carried 
out for Models 1–3 under different conditions (with/without membrane; 
with wildtype PEBP1 or its mutants, anchored to the membrane). The 
membrane was composed of DOPC (50%), DOPE (30%) and the most 
favorable 15LOX-1/PEBP1 substrate [1,12], SAPE (20%). 

Simulations indicated that the interactions of the 15LOX-1/PEBP1 
complex with the membrane promoted a conformational change that 
exposed the catalytic site of 15LOX-1 to the membrane, thus making the 
site more accessible to substrates (SAPEs) embedded in the membrane. 
Fig. 1 and Supplementary Fig. S4 illustrate the results for Models 1 and 3, 
respectively. This type of conformational change was not observed in the 
absence of membrane; whereas it was consistently reproduced in mul-
tiple runs in the presence of membrane. However, in Model 2, P112 was 
displaced by approximately 10 Å from the nearest 15LOX-1 residue. This 
conformational change disrupted the interactions involving P112, which 
have been reported to be crucial for complex formation [19]. As a result, 
we focused on Models 1 and 3 for analyzing the opening mechanism. 
Specifically, we performed a comparative analysis of the atomic in-
teractions at the initial and final stages of the simulations. The analysis 
revealed a reorganization of the interactions between 15LOX-1/PEBP1 
and the membrane leading to an increase in the number of hydrogen 
bonds formed between the lipids and 15LOX-1 β-barrel residues N19, 
K37-R43, E48-E52, R68-H69 and K72-D74 and PEBP1 residues S60, 
D56, G61, D128, R129 and R161, compared to the initial stage of the 
simulation (Supplementary Fig. S5). 

Next, we examined the cavities and interior surfaces of the complex 
in the open form, so as to identify a pore that connects the newly 
exposed surface and the catalytic site. Fig. 1B for Model 1 and Supple-
mentary Fig. S4B for Model 3 display a blue trace across 15LOX-1, which 
also connects the exposed region to the catalytic site. We note that the 
entry of this predicted pore corresponds well to those previously 
observed for entry of AA into various LOXs, including rabbit 15LOX-1 
(R403), 8(R)-LOX (R183, Y179), and soybean LOX1 (T259, L541) 
[59]. Alignment of these three structures within 15LOX-1 specifically 
highlights the significance of R402 and L178. The analysis of the 
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interactions with the lipid molecules further indicates that membrane 
SAPEs were attracted by several residues, including L70-K72 (15LOX-1) 
and L58-K62 and R129 (PEBP1), as displayed in Supplementary Figs. S4 
and S6, and Fig. 1B by red sticks. These residues are localized at both 
sides of the opening. The open space between PEBP1 and 15LOX-1 
β-barrel, revealed here, is proposed to serve as an entry for SAPE mol-
ecules to reach the catalytic site of 15LOX-1 and generate the ferroptotic 
cell death signals, lipid hydroperoxides (15-HpETE-PE or 

12-HpETE-PE). 

3.1. Substrate binding locks the complex in a closed form 

To directly assess the ability of the membrane-embedded SAPE to 
approach and insert near the catalytic site of 15LOX-1, we performed 
MD simulations to examine the docking of SAPE onto the complex, and 
the stabilization of the SAPE-bound complex (Supplementary Table 2). 

Fig. 1. MD simulations of 15LOX-1/PEBP1 complex for Model 1. (A) Initial and final conformations of Model 1 in the absence (left panel) and presence (right 
panel) of the membrane. (B) Closeup view of the open conformation of 15LOX-1/PEBP1 associated with the membrane (DOPC in orange, DOPE in green, and SAPE in 
blue) captured after 250-ns MD simulation. Catalytic residues (H365, H540, H544 and I662) are labeled. The pink sphere represents the iron in the catalytic site of 
15LOX-1. Residues displayed as red sticks make close contacts with SAPE molecules. Blue trace along the 15LOX-1 structure is a visualization of the tunnel predicted 
by CAVER (see Methods). Black arrow points to the entrance of the channel for the potential insertion of SAPE molecules into the catalytic site. Results for Model 3 can 
be found in Supplementary Fig. S4. 
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The simulations revealed the propensity of SAPE to induce tight in-
teractions and relatively more compact conformers upon binding to 
15LOX-1/PEBP1. Fig. 2 shows the time evolution of the angle θ defined 
between the center of the mass of the 15LOX-1 β-barrel, its catalytic 
domain, and the PEBP1 mass center, as a measure of the degree of 
exposure of 15LOX-1 catalytic site in the complex. The angle increased 
by about 20◦ upon association of the complex with the membrane, in the 
absence of direct interactions with SAPE molecules (red curve in Fig. 2 
for Model 1; see also the data from multiple runs in Supplementary 
Fig. S7). In contrast, in the case of membrane- and substrate-bound 
complex, θ decreased by about ~5◦ (green curve, Fig. 2). 

The opening/closure of the catalytic site in 15LOX-1 was found to be 
strictly dependent on its occupancy. In the open form, the complex 
facilitated the diffusion of the substrate, while substrate binding led to 
the closure and stabilization of the catalytic pocket, enabling the 
oxidation reaction. SAPE-bound Model 3 generally exhibited a lower 
binding affinity (− 12.62 ± 0.15 kcal/mol) compared to Model 1 
(− 14.99 ± 0.28 kcal/mol), and it displayed a potentially unreactive 
orientation with respect to the iron at the catalytic site (Supplementary 
Fig. S8). 

3.2. Key residues stabilize the 15LOX-1/PEBP1 complex and enable its 
association with SAPE 

Statistical analysis of interfacial interaction between 15LOX-1 and 
PEBP1 revealed several critical contacts (Supplementary Fig. S9). Resi-
dues engaged in stable interactions include D169-K170, E175-V176, 
A179-I187, R402, L157-L160, and D410-M411 on 15LOX-1, and K80- 
Y81, R141-H145, K148, with P112-K113 and C-terminal helix residues 
(Y181-E182, S185-G186) on PEBP1, consistent with those reported to be 
critical to complex formation [19]. 

In the presence of substrate, the interactions of 15LOX-1 D410 were 
replaced by those of R598-R599 due to the reconfiguration of the 
15LOX-1/PEBP1 complex into a closed conformer. This reconfiguration, 
observed in Model 1, was stabilized after ~50 ns simulation (green curve, 
Fig. 2) and tightened upon binding a SAPE molecule. SAPE made stable 
contacts with several residues highly conserved among LOX family 
members (red dots, Fig. 3C), e.g., leucines (L596, L407, L361). The 
counterparts of these leucines in 15LOX-2 (L610, L420 and L374, 

respectively) have been identified to play a critical role in 15LOX-2/ 
SAPE interactions [33]. Moreover, 15LOX-1 R402 and F166 (high-
lighted as green dots, Fig. 3C) occupy a central hinge region of LOX, 
shared between mammalian and bacterial forms, but not at the same 
sequential position [5]. The presence of arginine at this specific location 
has been documented in various studies on LOXs, including 12LOX 
(R403 [60]), 15LOXs (R402 [5]), PA-LOX (R422 [5]), or 8(R)-LOX 
(R182 [61]), not only as an entry to the catalytic site but also in rela-
tion to substrate interactions. Finally, we notice that PEBP1 residues 
S142, D144, and H145 are engaged in close interactions with SAPE 
(Fig. 3C). This region may be critical for PEBP1 dimerization [62] 
triggered by PKC-mediated phosphorylation of S153 and has been 
considered as an important mechanistic feature of PEBP1 substrate 
specificity [62,63]. Our model, shown in Fig. 3A (inset), indicates the 
accessibility of S153 (pink sphere) to a potential modification that may 
trigger complex dissociation. 

Both 15LOX-1 and 15LOX-2 catalyze the oxidation of SAPE by 
abstracting a hydrogen at carbon atom C13 and inserting an oxygen 
atom at C15 resulting in the 15-HpETE-PE product. The isoform studied 
here is also able to occasionally abstract a hydrogen at the C10 atom 
(ratio 1:9 for arachidonic acid as substrate [25,64]) to generate an 
alternative product, 12-HpETE-PE. To determine whether one or both 
products could be produced according to our computational model, we 
checked the distance between the hydrogen donors (C13 and C10) and 
the iron at the catalytic site (Fig. 3A and B). The results showed that the 
iron generally maintains a shorter distance from C13 (mean distance: 
~7.2 Å, yellow histogram) compared to C10 (~9 Å, magenta histogram). 
We detected only a few cases where C10 was at a close distance of ~7.2 
Å (pink arrow). The lower probability of C10 to be close to the iron at the 
catalytic site, compared to C13, is in agreement with the experimentally 
observed (Fig. 4A, D) lower production of 12-HpETE-PE (ratio 1:5 for 
15LOX-1/PEBP1 complex), compared to 15HpETE-PE. Moreover, the 
production of 12-HpETE-PE, in contrast to 15-HpETE-PE, was not 
affected by the presence of PEBP1. 

3.3. Experiments demonstrate the critical role of P112 among the 
interfacial residues of PEBP1 

Next, we used two different protocols to experimentally assess PEBP1 

Fig. 2. Time evolution of the angle θ in Model 1 for the 15LOX-1/PEBP1 complex simulations with/without the membrane and in the presence of bound 
SAPE at the catalytic site. θ is defined as the angle between center of the mass of β-barrel, catalytic domain and PEBP1 structure as indicated by the inset. 
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binding interactions with 15LOX-1: i) crosslinking by an amine-directed 
reagent, glutaric dialdehyde and ii) Far Western blotting [65]. Results 
demonstrated that treatment of the proteins with glutaraldehyde leads 
to the appearance of additional band detectable by silver staining and 
anti-PEBP1 antibody. To assess the role of different amino acids in 
PEBP1/15LOX-1 association, we prepared several mutants of PEBP1, 
such as P112E, H86A, H86E, Y176X and P74L. Complex formation was 
strongly suppressed when P112E mutant was used, while the other 
mutations did not affect the PEBP1/15LOX-1 complex formation 
(Fig. 4B). In the Far Western blotting protocol, an antibody-positive 
“bait” protein (15LOX-1) is used to detect the target “prey” protein 
(PEBP1). The bands corresponding to PEBP1 were also 15LOX-1-positive 
(Fig. 4C). These experiments also showed that the formation of 
PEBP1/15LOX-1 complex was strongly suppressed when P112E was 
used in place of wt PEBP1. In contrast, the interactions of the other 
PEBP1 mutants with 15LOX-1 were similar to that of the wt protein. 

P112E mutation also inhibited the production of both 15-HpETE-PE 
and 12-HpETE-PE by 15LOX-1/PEBP1 (Fig. 4D). This was particularly 
obvious for 15-HpETE-PE whose formation was completely abrogated 
by the P112 mutation (compare Fig. 4A and D). 

To computationally examine the validity of the predicted model, we 
next considered the experimentally analyzed mutations, H86A, H86E, 
P74L and P112E (Fig. 4) on PEBP1 and their potential effect on the 
complex formation. Therefore, we prepared four types of 15LOX-1/ 
PEBP1/SAPE systems, each corresponding to a different mutant of 
PEBP1, and performed 75 ns MD simulations in the presence of the 
membrane (Fig. 5). The results indicate that the mutations H86A, H86E 
and P74L were neutral (Fig. 5A, blue, green, and black insets). The cor-
responding complexes were stable and angle θ defined above exhibited 
the same behavior as that observed for the wt PEBP1 in its complex with 
15LOX-1/SAPE (Fig. 2 vs blue, green and black curves in Fig. 5A). In 
contrast, the P112E mutation caused a significant conformational 
change in the PEBP1/15LOX-1/SAPE system that triggered the opening 
of the complex after ~20 ns (Fig. 5A, red curve, #2, Movie 1). This 

reorganization led to a short period of more favorable interactions at a 
slightly different 15LOX-1 region (30–40 ns), but finally resulted in a 
wide opening of the complex (>45 ns; red inset, #3). 

During this period, the electrostatic potential at P112E changed 
drastically compared to that of the wt PEBP1 (Fig. 5B). Initially, the 
negatively charged regions, similar for both wt and mutant P112E 
PEBP1, were centered on D134-E135, S142-D144, E159, and E182-G186 
(dark red, #1). However, after 20–24 ns, the potential energy increased 
by over 20% (from − 63 to − 77 kT/e, #2) and additional residues, such 
as D69, D72, G108-S109, P112E, D144-H155, contributed to a highly 
negative potential energy which resulted in the repulsion of the α2 helix 
of 15LOX-1 (see Movie 1). This effect was coupled to a loss of in-
teractions near a hub residue E175 (on 15LOX-1, pink sphere in Movie 1) 
with PEBP1 K148, Y81 and W84 (thin blue, green and white sticks), thus 
leading to E175-K113 interaction instead, and further reorganization in 
electrostatic potential in P112E PEBP1 (#3). During the simulations, we 
observed slight changes in the electrostatic potential of the wt PEBP1 at 
the interface with 15LOX-1. Originally, the interface was negatively 
charged, indicated by a white dashed oval at 1 ns; then it underwent a 
transition to a more neutral and positive state upon complexation with 
15LOX-1, particularly near R141 and S142. This transition facilitated 
multiple interactions between E175 and wt PEBP1, as depicted by a pink 
sphere in Movie 2. Furthermore, negatively charged regions formed on 
both sides of the α2 helix of 15LOX-1 (P112 mutant >100 ns) centered 
around G108-S109, Y181-G186, and D134-E135. Those changes, how-
ever, did not affect PEBP1/15LOX-1 interactions which were constantly 
maintained for over 100 ns. Additionally, we noticed that the loss of 
interactions between P112E mutant and 15LOX-1 (Movie 1) not only 
initiated the opening of the complex, but might also have impacted the 
catalytic activity of the enzyme by destabilization of the E164-F174 loop 
that interacts with the catalytic I662 through K170 (Movie 1, thick blue 
sticks). This loop maintained stable interactions in wt PEBP1 system. 

Fig. 3. Interactions between 15LOX-1/PEBP1 and 
SAPE. (A) 15LOX-1/PEBP1/SAPE complex in Model 1 
after 200 ns MD simulation with the membrane. The 
inset shows a close view of the SAPE-binding interface 
of 15LOX-1/PEBP1. The C-terminal helix (D175- 
Y186) is shown in orange; red, blue, green, and pink 
spheres refer to P112, P74, H86 and S153 of PEBP1, 
respectively. The catalytic residues H365, H540, 
H544 and I662 are displayed in green sticks. All 
charged residues within 7 Å from P112 are displayed. 
(B) Probability distribution of the distance between 
iron and hydrogen donors (C13 (yellow histogram) and 
C10 carbons (pink histogram)) of SAPE which corre-
spond to the 15-HpETE-PE and 12-HpETE-PE prod-
ucts. Pink arrow refers to the occurrence of C10-iron 
distance at ~7.2 Å. (C) Distribution of the most 
frequent contacts between SAPE and 15LOX-1/ 
PEBP1. The count numbers are normalized.   
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4. Discussion 

Ferroptosis is an iron-dependent cell death driven by the production 
of PUFA-PE hydroperoxides which serve as ferroptotic death signals 
[19]. Our recent work revealed that Fe-containing 15-LOX plays a major 
role in catalyzing the peroxidation of PUFA-PE, and in particular SAPE; 
and this catalytic activity is endowed upon complexation of 15-LOX with 
PEBP1 which modulates the substrate specificity of 15-LOX [12,19,31, 
33]. We demonstrated that the anti-ferroptotic action of the most 
commonly used ferroptosis inhibitor ferrostatin-1 is not limited to 
radical scavenging but also includes the suppression of SAPE peroxida-
tion by 15LOX/PEBP1 [30]. Furthermore, we recently proposed two 
compounds that effectively suppress ferroptosis in vitro and in vivo upon 
targeting the interactions with 15LOX-2/PEBP1 [66]. These studies 
consistently highlight the pivotal role of PEBP1 in ferroptotic events. 
With this in mind and given the still largely enigmatic nature of enzy-
matic peroxidation, we conducted here a first computational study of the 
membrane-bound 15LOX-1/PEBP1/SAPE system dynamics, and showed 
that the computational predictions are consistent with previous [19] and 
current experimental data. The study helps advance our understanding 
of the molecular mechanisms underlying this crucial form of cell death. 

Our study shows that the membrane plays a regulatory role in 
15LOX/PEBP1 catalytic activity by inducing a conformational change 

that exposes an entry site conducing to 15LOX catalytic pocket, thus 
allowing SAPE molecules to access the catalytic site (Fig. 1). Addition-
ally, the binding of SAPE not only stabilizes but also tightly locks the 
complex (Fig. 2), leading to an optimal pose for the peroxidation reac-
tion (Fig. 3). Membrane interactions are known to trigger the activation 
of peripheral proteins, including those strictly associated with PL 
oxidation and the hydrolysis of PL oxidized forms (e.g., cytochromes 
[35–37] or phospholipases [10,38]). The current study provides another 
example of the important regulatory role of the lipid bilayer, this time in 
facilitating the catalytic activity of 15LOX in the 15LOX-1/PEBP1 
complex to generate pro-ferroptotic oxidized PEs. 

Our computational findings are at many levels consistent with the 
experimental data (Fig. 4A). The complex can generate two distinct 
peroxidation products, 15-HpETE-PE and 12-HpETE-PE. Among them, 
the former is PEBP1-dependent as indicated by LC-MS data and con-
formed by computations (Fig. 3A and B). We identified key residues 
involved in stabilizing the 15LOX-1/PEBP1 complex (Supplementary 
Fig. S9) and in the interactions with SAPE (Fig. 3C). Evaluations of the 
predicted 15LOX-1/PEBP1 interactions with PEBP1 mutations at resi-
dues participating in interfacial interactions with 15LOX-1, both in silico 
and in experiments (Fig. 4B–D and 5) revealed the key role of P112. 
Among five such mutations (H86A, H86E, P74L, Y176X and P112E), 
P112E was distinguished by its effect on both 15LOX-1/PEBP1 complex 

Fig. 4. Mutations in PEBP1 and their effects observed by LC-MS. (A) Bar plot comparing 15-HpETE-PE and 12-HpETE-PE formation by 15LOX-1 and by 15LOX-1/ 
PEBP1. Data are mean ± s.d., n = 6 (ANOVA test). SAPE:DOPC liposomes were incubated with 0.04 μM 15LOX-1±PEBP1 (1:1) for 2.5 min. (B) Interaction of 15LOX- 
1 with wild type and mutated forms of PEBP1. Samples containing 15LOX-1 and PEBP1 were treated with 0.1% glutaraldehyde for 20 min at room temperature and 
reaction was stopped by the addition 200 mM of Tris –HCl (pH 7.5). Samples were run in SDS-PAGE and in some cases, electro-transferred to nitrocellulose 
membrane. Proteins were revealed by staining with silver (upper panel) or by incubation with anti–PEBP1 antibodies (lower panel). The density of the band that 
appeared after incubation of PEBP with 15LOX-1 in the presence of glutaraldehyde (marked by asterisks) was assessed to be significant only in the presence of P112E 
and H86A mutants.**P < 0.001, *P < 0.05. (C) Binding of 15LOX-1 to wt PEBP1 and PEBP1 mutants in the presence of dioleoyl-PE containing liposomes revealed by 
Far Western blotting. Ponceau S staining of proteins (left panel). Immuno-detection of 15LOX-1 bound to PEBP1 using anti-15LOX-1 antibody (right panel). Membrane 
containing electro-transferred PEBP1, but not incubated with 15LOX-1, was used as a control (central panel).*P < 0.05. Quantitation of 15LOX-1 bound to wt PEBP1 
and mutant forms of PEBP1 with anti-15LOX-1 antibody. (D) Bar plot comparing 15-HpETE-PE and 12-HpETE-PE formation by 15LOX-1, 15LOX-1/PEBP1, and by 
15LOX-1/P112E PEBP1. SAPE:DOPC (1:1, 100 μM) liposomes were incubated with 0.04 μM 15LOX-1 ± PEBP1 (1:1) for 2.5 min or 0.04 μM 15LOX-1 ± PEBP1 
mutant P112 (1:1) for 5 min. Data are mean ± s.d., One-way ANOVA. 
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formation (Fig. 4B and C, Fig. 5) and peroxidation mechanism (Fig. 4D). 
Overall, the present study provides new insights into the molecular 

basis of the formation of the enzymatic complex 15LOX-1/PEBP1, the 
modulation of 15LOX catalytic activity by both PEBP1 and membrane 
lipid molecules themselves, and the access of the substrate, SAPE, into 
the catalytic pocket of 15LOX. The study highlights the significance of 
the localization of 15LOX/PEBP1 at the membrane periphery for the 
occurrence of membrane-induced conformational changes thus predis-
pose 15LOX to catalyze the hydroperoxidation of PUFA-PEs. We further 
provide a plausible mechanism for PUFA-PE binding and insertion into 
the catalytic pocket of 15LOX, thus elucidating the way 15LOX-1/PEBP1 
complex acquires lipids from the membrane to the catalytic site, a 
critical step in the production of peroxidized PUFA-PEs, the accumula-
tion of which leads to ferroptosis. These findings, including those vali-
dated by experiments, holds significant potential for designing novel 
therapeutics that selectively target 15LOX-1/PEBP1 complexes for 
modulating ferroptotic events. 
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Abstract
Summary: We introduce WatFinder, a tool designed to identify and visualize protein–water interactions (water bridges, water-mediated 
associations, or water channels, fluxes, and clusters) relevant to protein stability, dynamics, and function. WatFinder is integrated into ProDy, a 
Python API broadly used for structure-based prediction of protein dynamics. WatFinder provides a suite of functions for generating raw data as 
well as outputs from statistical analyses. The ProDy framework facilitates comprehensive automation and efficient analysis of the ensembles of 
structures resolved for a given protein or the time-evolved conformations from simulations in explicit water, as illustrated in five case studies 
presented in the Supplementary Material.
Availability and implementation: ProDy is open-source and freely available under MIT License from https://github.com/ProDy/ProDy.

1 Introduction
The significance of accurate evaluation of protein–water 
interactions in the design of drugs, ligand binding, enzymatic 
reaction mechanisms, ion and substrate channeling, or pro-
ton/electron transfer, has long been recognized (Ladbury 
1996, Verdonk et al. 2005, Maurer and Oostenbrink 2019). 
Water molecules are often active participants in the func-
tional interactions of proteins, as they can donate or accept 
protons to form bridges between pairs of amino acids, form 
clusters, or perturb structure, thus directly impacting protein 
stability and function (Mattos 2002). They often facilitate 
binding, channeling, and transport events.

Understanding the effect of water molecules on protein struc-
ture and dynamics requires the examination of ensembles of 
conformations to capture recurrent patterns or the time evolu-
tion of interactions. To enable ensemble analyses, we developed 
a new tool WatFinder that takes advantage of the computing 
environment of the widely used ProDy application program-
ming interface (API) (Bakan et al. 2011). WatFinder is designed 
to provide insights into key protein–water interactions that con-
tribute to protein stability, conformational dynamics, and 
thereby function. Evaluation of these interactions is essential to 
designing small molecule modulators and assessing the effect of 
residue substitutions.

While comparable resources for detecting water interac-
tions exist, they are mostly oriented toward water involve-
ment in protein-ligand interactions and/or lack user-friendly 
interfaces for data processing or visualization. The currently 
available methods can be divided into two groups: (i) static 
methods, exemplified by 3D-RISM, SZMAP, or WaterFLAP 
(Nittinger et al. 2019) and (ii) dynamic methods relying on 
molecular dynamics (MD) simulations, such as WaterMap, 
GIST, WATsite, ProBiS H2O, WATCLUST (L�opez et al. 
2015), and AquaMMapS (Cuzzolin et al. 2018, To�sovi�c 
et al. 2022). WatFinder is equipped with algorithms to ana-
lyze both static and dynamic objects. It offers full customi-
zation through the utilization of advanced force field 
parameters. It enables users to fine-tune their search criteria 
to achieve greater specificity and to extract the requisite 
level of information. Moreover, its integrated use within 
ProDy allows for advanced data processing and elaborate 
analyses and interpretation of the outputs in the light of the 
structural dynamics of protein families. Its use and utility 
are described in the tutorial page http://www.bahargroup. 
org/prody/tutorials/watfinder_tutorial/. Five case studies in 
the Supplementary Material illustrate its application to vari-
ous systems, from membrane proteins to supramolecu-
lar machines.
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2 Description and functionality
2.1 Inputs and outputs
The WatFinder tool uses several types of input data on pro-
tein and water coordinates: A single biomolecular structure, 
an ensemble of structures [using the Protein Data Bank (PDB) 
or mmCIF format], or a series of snapshots from an MD tra-
jectory (DCD format generated by NAMD or CHARMM) 
(Fig. 1A). The ensemble of structures used as input may be 
the multiple models deposited for a given protein (e.g. NMR 

models), the structures resolved for the same protein under 
different states (bound/unbound, active/inactive, open/closed 
forms, different stages of an allosteric cycle, outward- or 
inward-facing states, etc.), or structural homologs that may 
retrieved using the SignDy (Zhang et al. 2019) module of 
ProDy. The user can provide the input files or fetch the data 
directly from the PDB using the PDB IDs, or downstream 
data from ProDy. Other types of MD trajectory file formats, 
such as TRR [GROMACS (Lindahl et al. 2001)] or CRD 

Figure 1. Schematic description of WatFinder implemented in ProDy. (A) WatFinder uses as input: (i) a single protein structure, (ii) an ensemble of 
structures as multiple structures resolved for the protein of interest, multiple models deposited in the PDB file, or homologous structures from multiple 
PDB files retrieved by SignDy, (iii) MD trajectory files. Here, we use for illustration the results for (i) low molecular weight protein tyrosine phosphatase 
[LMW-PTP; PDB: 5KQM (He et al. 2016)] and a short MD trajectory of the same structure using NAMD, and (ii) a multi-model ensemble of phosphatidyl 
ethanolamine-binding protein 1 [PEBP1, PDB: 1BEH (Banfield et al. 1998)]. Results for (i) are shown in the Supplementary Material. (B) Examples of (a) 
pairs of amino acids identified to be associated through water bridges, (b) the frequency or probabilistic occurrence of such water bridges between 
residue pairs, shown as heat maps based on different metrics, and (c) visualization of water clusters.
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[AMBER (Salomon-Ferrer et al. 2013)] can be converted to 
multi-model PDB or to DCD format using external tools.

WatFinder functionalities are illustrated in Fig. 1. The out-
puts include: (i) raw data with a list of water bridges and 
associated residues; (ii) coordinates of protein structure and se-
lected water molecules and/or water centers for visualization, 
and (iii) various plots and maps reflecting results from statistical 
analyses (Fig. 1B) using NumPy and Matplotlib.

2.2 Computing protein–water interactions
We have developed new classes for predicting the probabilis-
tic occurrence of protein–water interactions, water bridges, 
or clusters of water molecules. WatFinder is adaptable and 
versatile, allowing users to change the geometric criteria for 
water bridge detection, including the threshold donor- 

acceptor distance (distDA) and orientational states 
(anglePAWD, anglePDWA, angleWW; see Fig. 2 and 
Supplementary Material), the threshold distance for residue- 
water interaction, and the number of water molecules away 
from residues of interest whose interactions are mediated by 
water bridge(s) (maxDepth). Water molecules can donate 
and accept up to two hydrogen bonds. While most bridges 
between residue pairs are established through one water mol-
ecule, multiple water molecules may also form a network of 
interactions or a cluster which is itself subject to time- 
dependent changes (e.g., formation of the water channel in  
Fig. 2, bottom right), thus affecting the protein’s structure 
and dynamics. To address such occurrences, WatFinder is 
equipped with two algorithms: (i) a Chain method and (ii) a 
Cluster method (Fig. 2). The Chain method allows the user to 

Figure 2. Description of two algorithms implemented in WatFinder for detecting protein–water interactions, and illustrative examples. Top panels 
describe the two algorithms: the chain method (left) and the cluster method (right). Colored circles represent hydrophilic residues interacting through 
water bridges. Water molecules are labeled by color-coded numbers in parentheses (on the right) to indicate their separations from the residues whose 
interactions they mediate. Distance and angle metrics are illustrated on the left, and lower bottom inset on the right. Bottom panels: Application of 
WatFinder to the identification of water bridges that facilitate inhibitor (MES) binding to a protein tyrosine phosphatase (left), and to detection of a water 
channel in the simulations of the vesicular monoamine transporter VMAT2. Details on these examples and others are presented in the 
Supplementary Material.

WatFinder                                                                                                                                                                                                                                        3 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

atics/article/40/8/btae516/7734913 by N
icolas C

opernicus U
niversity user on 20 N

ovem
ber 2024

https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btae516#supplementary-data
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btae516#supplementary-data


identify pairs of residues associated with a water bridge. The 
Cluster method additionally finds clusters involving multiple 
water molecules and multiple residues. Missing hydrogen 
atoms in the protein or water structure are added using 
PDBfixer/OpenMM (Eastman et al. 2017) or Open Babel 
(O'Boyle et al. 2011). WatFinder can also forecast in the ab-
sence of angular criteria for hydrogen atoms, as elaborated in 
the Supplementary Methods.

The major strength of WatFinder is its ability to analyze 
ensembles of structures. In addition to detecting and visualiz-
ing the water bridges occurring in each conformation, the 
tool identifies the most frequent bridges across the ensemble 
of structures, with output structures color-coded from 0 
(blue) to 1 (red) (Fig. 1B). Moreover, WatFinder provides sta-
tistical data on the duration of interactions for each water 
bridge, on the average distances between hydrophilic residues 
involved in water bridges and their standard deviation, and 
on the number of water molecules participating in the inter-
action (Fig. 1Ba). Those data can be obtained for selected wa-
ter bridges as well as the whole protein using color-coded 
maps (Fig. 1Bb). WatFinder is equipped with a cluster ana-
lyzer and characterizes the most favorable sites for water 
molecules within the structure [Figs 1Bc and 2 (bottom left)].

The power of WatFinder as a tool for exploring protein 
structure and dynamics originates from its integration with 
the ProDy framework. The user can distinguish the most sig-
nificant protein–water interactions and examine their impact 
on protein dynamics in relation to (i) the normal modes eval-
uated by ProDy using elastic network models, (ii) the princi-
pal motions extracted by principal component analysis of 
MD trajectories using the ProDy ensemble analysis module, 
and (iii) the signature dynamics of family members accessible 
via the SignDy module of ProDy.

3 Conclusion
The WatFinder module provides a fast and straightforward 
way to analyze protein–water interactions to obtain statisti-
cally significant outputs with user-friendly graphical and vi-
sualization tools. The tool can generate high-quality, 
publication-ready plots and maps. The new features provided 
by WatFinder extend ProDy’s capabilities to identify sites po-
tentially affected by solvation, or prone to protonation, 
which may be critically important for interpreting observed 
behavior and designing small molecule modulators of func-
tion. From the structural and computational biology points 
of view, WatFinder offers powerful methods for complement-
ing current studies on the impact of mutations on protein 
structure and dynamics, and for protein–drug/ligand design, 
by providing robust information on sites susceptible to inter-
actions with water molecules, to water-mediated associations 
and to protonation upon exposure to water.

Supplementary data
Supplementary data are available at Bioinformatics online.
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Abstract 

Ferroptosis is a regulated form of cell death driven by lipid peroxidation, with 15-lipoxygenase (15LOX) 

enzyme playing a critical role in catalyzing the oxygenation of polyunsaturated fatty acid-containing 

phospholipids, such as 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine (SAPE), to initiate 

this process. The molecular oxygen required for this catalytic reaction is subject to continuous competition 

among various oxygen-consuming enzymes, which influences the efficiency of lipid peroxidation. In this 

study, we utilized structure-based modeling and all-atom molecular dynamics simulations to explore the 

oxygen diffusion pathways in 15LOX-1 under varying oxygen concentrations and in the presence of key 

components, including a substrate, binding partner PE-binding protein 1 (PEBP1), and the membrane 

environment. Extensive computational experiments were performed on various system configurations, 

examining the role of substrate binding, membrane presence, and PEBP1 association in oxygen 

acquisition. Our computational results indicate that the substrate binding induces a conformational change 

in 15LOX-1, facilitating the simultaneous recruitment of one or two O2 molecules, which drive peroxidation 

to predominantly singly- or less frequently doubly-oxidized products, respectively. A similar trend was 

observed by in our redox lipidomics analysis. Moreover, we noticed that the presence of the membrane 

significantly reduces irrelevant oxygen binding spots, directing oxygen molecules toward a primary tunnel 

essential for the catalytic activity. We identified two primary oxygen tunnels with sequentially and structurally 

conserved regions across the lipoxygenase family. These findings provide novel insights into the regulation 

of oxygen acquisition mechanism for LOX members, shedding light on the molecular basis of ferroptosis 

signaling. 

mailto:karolamik@fizyka.umk.pl


Introduction 

Ferroptosis is a recently conceptualized form of regulated cell death program, which operates by 

utilizing phospholipid peroxidation as the main mechanism for the destruction of the plasma 

membrane [1, 2]. The peroxidation of phospholipids that contain a polyunsaturated fatty acid 

(PUFA) tail at the sn2-position is a mandatory feature of this process [3]. Although different types 

of PUFAs can be subject to peroxidation, depending on cell types, it is PUFA-

phosphatidylethanolamines (PE) that have been identified as the major pro-ferroptotic cell death 

signal [4-6]. It was established that two fatty acids - arachidonoyl (C20:4, AA) and adrenoyl 

(C22:4, AdA) esterified into PE after oxidation become a ferroptotic cell death signal [6]. Moreover, 

a recent study has demonstrated the involvement of yet another type of PUFA PE lipids - 1,2-di-

arachidonoyl-PE (di-AA-PE) that also induce ferroptotic cell death [7]. The above studies also 

show that an enzyme 15-lipoxygenase (15LOX), forming in both isoforms, 15LOX-1 and 15LOX-

2, a complex with PE-binding protein 1 (PEBP1), which plays a key role in triggering the 

peroxidation. An important aspect of 15LOX based catalysis is the iron-driven abstraction of 

hydrogen from a carbon atom in bis-allylic positions of arachidonoyl-PE (SAPE or ETE-PE) as a 

substrate, which generates a carbon-centered radical. This step involves a concerted mechanism 

composed of a proton-coupled electron transfer in which the electron is transferred to the ferric 

iron (Fe3+-OH−), which is then reduced to an inactive ferrous form (Fe2+-H2O), and the proton is 

acquired simultaneously by the hydroxide ligand [8]. After cis-double bond migration by one 

carbon atom, the SAPE radical then undergoes an oxidation by the dioxygen molecule (O2). Thus 

formed peroxyl-radical SAPE-OO● (or 15p-ETE-PE●) is then reduced by an electron transfer. The  

ferrous iron undergoes re-oxidation to a ferric form and the peroxy radical is protonated [8, 9], 

resulting in the main product, 15-HpETE-PE for both 15LOXs, or an alternative product 12-

HpETE-PE for 15LOX-1 [10]. Once the hydroperoxyl product is created, the Fe3+-OH− cofactor is 

regenerated, and LOX can start a new catalytic cycle. The accumulated lipid hydroperoxides are 

denoted as a ferroptotic cell death signal. Molecular oxygen utilized in this process has to reach 

the active site deeply buried in 15LOX using free space in a protein matrix. The full understanding 

of where the oxygen transport tunnels are located or where the oxygen molecules are 

concentrated during the catalytic reaction is still elusive. Although the role of 15LOX and PEBP1 

as a critical complex in the onset of ferroptosis is now well-established [6, 11-14], the precise 

mechanisms behind ferroptosis are still objects of debate. Some propose that ferroptosis can 

occur entirely non-enzymatically through the Fenton reaction [15, 16], while others imply that it 

can be driven entirely enzymatically via iron-containing enzymes like lipoxygenases [17, 18], or 



being a combination of both mechanisms on different stages and depending on the cell type [19, 

20]. 

As a consequence of ferroptosis-associated processes, the formation of reactive lipid 

electrophiles is observed. Thus, covalent adducts with cellular components are formed [21], 

further amplifying the detrimental effects on a cell. Among the most significant byproducts of lipid 

peroxidation during ferroptosis are reactive aldehydes, such as 4-hydroxynonenal (4-HNE) and 

malondialdehyde (MDA) [22, 23]. Those aldehydes, being highly electrophilic, readily react with 

nucleophilic amino acid residues such as lysine, cysteine, and histidine, resulting in the formation 

of protein adducts [24]. Such modifications can disrupt protein function [25] and also affect other 

cellular targets, including membrane lipids [26] and DNA [27]. The formation of those protein 

adducts is directly tied to the iron-catalyzed lipid peroxidation process, a hallmark of ferroptosis. 

Importantly, these adducts may contribute to the progression and execution of ferroptotic cell 

death, reinforcing the idea that ferroptosis is not solely a consequence of a membrane disruption 

but also involves extensive cellular damage mediated by lipid peroxidation products [22]. 

In aerobic organisms, molecular oxygen is essential for many biochemical pathways. Therefore, 

the ability to sense and acquire it, especially in hypoxia conditions, is critical for proper 

metabolism. There is constant competition between O2-consuming enzymes to recruit O2, which 

is limited but at the same time essential in cellular processes [28, 29]. Therefore, some of the 

enzymes are able to do it more effectively than competitors, and one of the factors that may drive 

such ability is the incorporation of structural adaptation that enhances O2 binding. Cytochrome c 

oxidase in mitochondria is known to have a high affinity for O2 (Km = 0.5 μM) [30]. This high 

affinity is beneficial for cellular respiration, especially under low-oxygen conditions. 

Lipoxygenases (Km ranging from 13 to 26 μM) or cyclooxygenases (Km between 10 and 12 μM) 

demonstrate lower oxygen affinity; however, they remain effective consumers of O2 across a 

broad range of concentrations, which may vary between 0.5 μM (in hypoxia condition) through 

200-300 uM (the highest natural levels in tissues), to over 500 μM (in hyperoxic conditions, during 

oxygen therapy) [30]. This functional capacity may be a result of a high catalytic activity of 

15LOXs, which in the presence of PEBP1 oxygenate SAPE at rates Kcat of 0.11·10-2 s-1 (15LOX-

1) and 1.4·10-2 s-1 (15LOX-2) [31]. Fast local consumption of oxygen facilitates diffusion of those 

molecules in the neighbourhood of LOXs. This raises the question whether specific structural 

elements of oxygen-dependent enzymes facilitate the acquisition or temporary storage of O2, 

thereby enhancing their efficiency. Some structural studies on LOXs have suggested that the 

presence of hydrophobic tunnels within the enzyme that may facilitate the movement of O2 directly 



to the active site [32]. This could allow LOXs to access and potentially store O2 and acquire this 

substrate more effectively than other enzymes lacking such tunnels.  

In the current work, we employed structure-based modeling and all-atom molecular dynamics 

(MD) simulations to investigate oxygen diffusion pathways in human 15LOX-1 under varying 

oxygen concentrations and in the presence of key system components, including the SAPE 

substrate, PEBP1, and the membrane. Our study builds on previous findings where the 15LOX-

1/PEBP1 complex model, generated through molecular docking and MD simulations, successfully 

explained the role of the P112 residue in 15LOX-1/PEBP1 interaction and its impact on substrate 

production ratios [6, 10]. Furthermore, our earlier work underscored the importance of a 

phospholipid membrane in initiating the mechanism of SAPE substrate acquisition to the catalytic 

site of 15LOX-1, thereby triggering the peroxidation process associated with ferroptosis [10]. In 

this study, we extend those insights through a series of computational experiments under different 

system configurations to examine the specific roles of the substrate, PEBP1, and the membrane 

in oxygen acquisition. Our approach aims to provide a deeper understanding of how these 

components collectively contribute to the initiation of ferroptotic signaling. By integrating structural 

modeling with MD simulations and redox lipidomics, we seek to elucidate the mechanisms by 

which oxygen is captured to the catalytic site and how this process is regulated within the 15LOX-

1/PEBP1 complex.  

 

Results and discussion 

Identification of the O2 diffusion pathways in the 15LOX-1/PEBP1 complex. To determine 

the localization of O2 diffusion pathways within 15LOX-1 in the presence of different components 

of the system, we embarked on a series of 160 all-atom MD simulations (in total 20 µs, 

Supplementary Tab. 1). Herein, to delineate the tunnels involved in both, entering and exiting 

the catalytic site of the enzyme, we applied two initial models: (i) one or two O2 molecules placed 

in proximity to the catalytic site of 15LOX-1 and (ii) fifteen O2 molecules distributed randomly in 

the water environment. In both cases, we observed two primary tunnels for O2 molecules, herein 

referred to as Entrance A and Entrance B (see Fig. 1). Entrance A (in red), governed by the 

structural arrangement of three helices located at V172- L191 (helix α2), Y395-T420, and N582-

G597, facilitated O2 passage (Fig. 1a). Along the tunnel several residues, such as I413, L588, 

L178, G181, S177, Q416, I592, I417, L182, G412, and L185 were exhibiting notable interactions 

with O2 molecules (Fig. 1b, red asterisks). Entrance B (in blue, Fig. 1a), characterized by residues 



A403, L361, R404, V408, N400, L366, and W144, facilitates O2 movement along the pathway 

(Fig. 1b, blue asterisks). Despite both entrances offering access to the catalytic site, in our 

simulations Entrance A predominated in facilitating O2 transit, with approximately 81% utilization 

compared to 19% for Entrance B, of observed events (Supplementary Tab. 2).  

 
Figure 1. Oxygen pathways to the catalytic site of 15LOX-1 in the presence of PEBP1, substrate, 
and membrane. (a) The spatial structure of 15LOX-1/PEBP1/SAPE complex in the presence of the 
phospholipid membrane (upper part) with O2 access tunnels leading to the catalytic site of LOX (green 
residues: H360, H365, H540, H544, I662). 15LOX-1 and PEBP1 are displayed in grey and cyan ribbon 
diagrams, respectively, and SAPE in cyan sticks at the catalytic site. The series of red and blue dots 
represent the diffusion path for O2 through Entrance A and Entrance B, respectively. Three helices shown 
in ice blue (regions: V172-L191, Y395-T420, and N582-G597) form Entrance A. Entrance B is localized 
behind the loop W144-L150 (shown in orange). Membrane components are shown (DOPC in orange, 
DOPE in green, SAPE in blue). (b) The most frequent contacts of O2 molecules with 15LOX-1 at Entrance 
A (red asterisks) and Entrance B (blue asterisks) are shown in histograms. Residues without asterisks are 
localized at the catalytic site cavity. Results are based on 500 ns of 75 MD trajectories for the 15LOX-
1/PEBP1/SAPE system. 

 

Is water assisting catalysis? Subsequently, using our newly developed tool for detecting water 

bridges and their associations, WatFinder [33], we identified recurrent water bridges within the 

15LOX-1 structure in MD simulations and compared them with the localization of the 

crystallographic waters in 140 available PDB structures of LOXs (Supplementary Tab. 3). We 

used ProDy tools [34] to select structures with spatial similarity to 15LOX-1 using the Dali server 

[35], and filtered out those shorter than 50% of the total residue length of 15LOX-1 or with an 



RMSD value exceeding 1 Å. We further analyzed each structure with the WatFinder tool, selecting 

only water molecules involved in forming water bridges with the protein structure. Next, we 

assessed how many of these water molecules were located in the same region. Those that 

appeared at least 17 times within a ±0.9 Å range in the same region are displayed in Fig. 2a as 

green spheres. Water play an important role for proteins, and it is not only limited to the 

mechanical stability of the protein structure, but it may also participate in ligand binding or in 

facilitating O2 transport [36]. Analysis of crystallographic structures provides valuable insights into 

water associations with LOXs structures. However, those are all rigid structures captured by 

experiments in a specific conditions. To include the whole spectrum of conformational changes 

with water interactions, we also analyzed our MD simulations with a similar approach. WatFinder 

analysis of trajectories revealed five major water-rich regions (see Fig. 2a, red spheres): (i) Site 

1A and Site 1B, both located at the catalytic site, involving catalytic residues H544 and H360 (Site 

1A) and residues H540, E657, and S659 (Site 1B); (ii) Site 2, at the Entrance B, encompassing 

G147-L150 region; and (iii-iv) Site 3 and Site 4, potential allosteric sites for inhibitors, previously 

identified in rabbit 15LOX-1 (PDB: 2P0M) [37] and in human 5-LOX (PDB: 3O8Y) [38], 

respectively (Fig. 2a, Supplementary Tab. 4). Moreover, both sets of data, i.e., for 140 various 

crystallographic LOX structures (Fig. 2a, green spheres) and MD simulations (Fig. 2a, red 

spheres), revealed a similar association of water molecules for three regions: Site 1B, Site 3, and 

Site 4 (see Fig. 2a and the inset). The crystallographic waters were also observed near Site 2 but 

closer to the L366 hidden behind the loop region G147-L150 (Fig. 2a, inset). The exact 

localization may vary here due to the flexibility of the loop during the MD simulation. Site 1A was 

not populated by the crystallographic water molecules but may have formed due to the additional 

presence of SAPE in the catalytic site in our model. Water molecules clusters were, however, not 

detected along Entrance A, neither in MD nor in crystallographic structures, most likely due to the 

larger dimensions of a tunnel between V172-L191, Y395-T410, and N582-G597 helices that 

facilitate unrestricted water flow. These findings align with other studies that emphasize the role 

of water in (i) promoting O2 mobility [39], possibly by lowering energy barriers at the entrance, 

modulating protein conformation by opening and closing the entrance to the tunnel, or offering 

transient hydrogen bonds that direct molecules to follow certain pathways, and (ii) contributing 

functionally at the active site [40, 41]. The conserved positioning of water molecules may also 

play yet another function. A role in stabilizing the emerging polar hydroperoxyl groups, thereby 

facilitating their displacement from the catalytic site following enzymatic reaction. As the lipid 

becomes enriched in hydroperoxyl groups, it loses hydrophobicity, increasing its affinity for the 

aqueous environment. This, and possibly additional factors, may also contribute to the product 



release. One of them might be a substantial conformational change of the ligand after oxidation, 

as observed in [42], where the membrane-bound product of the 15LOX-1/PEBP1 complex, SAPE-

OOH (or 15-HpETE-PE) changed its oxidized sn-2 tail shape due to the migration of double bond 

and -OOH insertion and orient its toward the aqueous environment. Another could be simply 

changes in the interactions between the enzyme and the lipid after oxidation. In total, we observed 

up to three simultaneous water molecules at the catalytic site per one enzyme in the 

crystallographic structures (see Fig. 2a, inset, KDE plots) and up to two in MD simulations.  

 

Two binding sites of oxygen at the catalytic site of 15LOX-1. Next, we compared the 

localization of water clusters with the most frequent oxygen binding spots at the catalytic site. Two 

main oxygen clusters were detected using WatFinder, and they were district from the conserved 

waters (Fig. 2b, inset, in yellow). Cluster #1 was localized between the sn-2 SAPE and catalytic 

iron in a position predestined for its insertion at the C15 carbon atom, and Cluster #2 was located 

in close proximity to SAPE and surrounded by F352, I413, I417, Y551, I592, and T593 (see Fig. 

2b, the inset). An equivalent binding site for the second cluster was also identified in our 15LOX-

2 study [14]. In the simulations, we predominantly observed a single O2 molecule at the catalytic 

site. However, in some cases, we also observed simultaneously up to two O2 molecules (yellow 

KDE plot, Fig. 2b), occupying the exact locations defined as Cluster #1 and Cluster #2 in Fig. 2b 

(the inset). This suggests that while the first O2 is ready to be inserted into the SAPE sn-2 tail 

(Cluster #1), the second O2 molecule may already be positioned nearby, waiting for its turn 

(Cluster #2). Such a scenario corresponds to the formation of doubly-oxidized products. 

The number of O2 molecules in the catalytic site has a direct impact on the potential product 

generated by the enzyme. Therefore, to verify the computational prediction, we further performed 

LC-MS analysis to quantify the ratio of the oxygenated SAPE species formed during the catalytic 

reactions in both 15LOX isoforms, 15LOX-1 (Fig. 2c, left panel) and 15LOX-2 (Fig. 2c, right 

panel). We identified SAPE species containing between one (1[O]) to four (4[O]) oxygen atoms, 

with a significant predominance of two oxygen atoms for both 15LOXs, regardless of the presence 

of PEBP1 (Fig. 2c, 2[O]). This indicates the presence of a single O2 molecule at the catalytic site, 

which aligns well with the MD simulations (Fig. 2b, KDE plot) and results in the formation of the 

SAPE-OOH product. The product requiring two O2 molecules dispalyed a similar trend in both the 

experiments and simulations, being approximately 8-10 times less frequent in LC-MS experiments 

and 2-3 times less frequent in MD simulations. Lipidomics data also suggest that the presence of 

PEBP1 partially increases the abundance of the most predominant products. However, this trend 

was not captured by the MD simulations (Fig. 2b). 



 

Figure 2. Analysis of water and O2 clusters in the catalytic site of 15LOX-1 and the oxygenation 
products generated upon reaction with O2 molecules. (a) Clusters of water (in green and red) and O2 
molecules (in yellow) which were identified using the WatFinder tool [33] from ProDy [34]. (b) KDE plots 
denote the number of waters and O2 molecules detected in the catalytic site during MD simulation or, in the 
case of waters, also in 140 crystallographic PDB structures of LOXs. In the inset, the localization of O2 
molecules at the catalytic site of 15LOX-1. Dotted beads corresponds to the multiple oxygen positions 
(Cluster #1 and #2) when two O2 molecules are present at the catalytic site. Residues involved in the 
coordination are displayed. Catalytic residues are displayed as grey sticks and catalytic iron as pink sphere. 
(c) Content of stearoyl-arachidonoyl PE (SAPE) oxygenated species with 1-4 oxygens formed in reaction 
catalyzed by 15LOX-1 (left panel) and 15LOX-2 (right panel) in the absence and in the presence of PEBP1. 



The impact of the different components of the system on oxygen acquisition. Continuing 

our investigation, we explored the localization of O2 tunnels in different configurations of the 

system, i.e., without membrane and with or without substrate to see the effect of each component 

on the system. Interestingly, the absence of a membrane did not affect the preference of the 

tunnels or their accessibility, as illustrated in Fig. 3b (bottom panel) where the most frequent 

contacts between O2 and 15LOX-1 structure are displayed. However, the membrane played a 

crucial role in determining the duration of O2 interactions with the catalytic site (Fig. 3b, upper 

panel) and enhanced the presence of O2 directly in it (Fig. 3b, bottom panel). Moreover, the 

results imply that without a phospholipid membrane, the O2 interaction with the enzyme occurs at 

various random sites more often (interactions outside the red/blue boxes, Fig. 3b, bottom panel) 

that do not initiate the catalytic reaction. Contrary, in the presence of a membrane, the O2 

molecules due to the particular interactions are more directed toward the entry of the oxygen 

tunnel leading to the catalytic site (insignificant number of interactions outside the blue/red boxes). 

Additionally, in the presence of the substrate, we observed a close contacts between O2 

molecules and the catalytic site within 4.5 Å, which does not happen in the absence of substrate 

as it shown in the Supplementary Tab. 2. This imply that the substrate induces changes in the 

protein complex, enabling a more favorable environment for O2 interactions. To investigate the 

cause of this behavior, we calculated the electrostatic potential surface [43, 44], which indicated 

no significant changes in the charge distribution in all systems studied but rather suggested a 

structural reorganization of the system in the presence of the substrate (Fig. 3a).  

Next, we employed perturbation response scanning (PRS) [45] analysis to visualize the 

distribution of the most potent sensors (receivers of allosteric signals) and effectors (regulators of 

the global propagation of allosteric signals) within the protein structure. Such analysis helps to 

understand signaling pathways of the 15LOX-1/PEBP1 complex. We examined how this 

distribution changes in the presence and absence of the substrate and/or membrane (Fig. 4). It 

enables us to distinguish regions that are linked to the main O2 and substrate binding sites. The 

PRS heat maps which provide information about the sensitivity and effectiveness of specific 

residues in transmitting signals are presented in Supplementary Fig. 2. The results indicate that 

the presence of the membrane reduces the number of potential sensor sites in the protein 

structure (see Fig. 4B, D, yellow ovals), confining them to the regions localized at the predominant 

tunnel near N192 at Entrance A (D189-L194, L290-S292, Fig. 4A, C). This fact may explain the 

observed O2 propensity to form more stable interactions along the pathway to the catalytic site 

(Fig. 3B). Additionally, the absence of both SAPE and membrane increases PRS sensitivity in 

the regions closely interacting with substrate and/or membrane binding sites. 



 

Figure 3. O2 interactions with 15LOX-1 and entry/exit pathways observed in MD simulations of 
15LOX-1/PEBP1 in the presence/absence of SAPE and biological membrane. (a) Global electrostatic 
potential surface of 15LOX-1 computed using Adaptive Poisson-Boltzmann Solver (ABPS) plugin, used 
units: kT/e. (b) Quantitative analysis of the residence time of O2 molecules at the catalytic site or along the 
entrance to the catalytic site. Twenty-five independent MD simulations were considered. The mean value 
is denoted by a dashed line, and the median is shown in the standard line (upper panel). Illustration of the 
time evolution of contacts between O2 molecules and 15LOX-1 residues based on 20 MD runs, shown in 
different colors. In addition to the 15LOX-1/PEBP1 complex, additional components were considered: (A) 
+SAPE +membrane, (B) +SAPE -membrane, (C) -SAPE +membrane, and (D) -SAPE -membrane. 
Interactions of O2 with 15LOX-1 with residues located along Entrance A are shown in the red box, and for 
Entrance B in the blue box (bottom panel).  



 

Figure 4. Changes in the role of 15LOX-1 residues as sensors of allosteric signals in the presence of different 
components of the system. The sensitivity of 15LOX-1 with/without SAPE and/or membrane was obtained from 
independent MD simulations using the PRS method. The plots display the propensity of residues to serve as sensors. 
The highest values represent the strongest sensors, shown in dark red on the spatial structures of the enzyme and 
denoted in the plots. The green dashed lines mark the cutoff for defining the strongest sensors in each system. 
Residues that reach values above the cutoff line are displayed in the 3D structure. Green arrows denote systems in 
which O2 molecules were approaching the catalytic site via Entrance A.  



Substrate interactions trigger opening the entrance to the catalytic site. Different studies 

have shown that substrate association may induce conformational changes in proteins, thus 

triggering acquisition of other substrate, as exemplified by cytochrome c oxidase [46]. When its 

substrate, cytochrome c, binds to cytochrome c oxidase, it induces a conformational change in 

the enzyme, exposing the oxygen-binding site and allowing the binding of oxygen as the next 

substrate. This is essential for the four-electron reduction of oxygen to water and for the proper 

functioning of the electron transport chain [46-48]. Another example is the cytochrome P450 

family, where mechanism of action involves a conformational change upon substrate binding, 

which leads to a conformational change that exposes the oxygen-binding site. Oxygen binding as 

the second substrate is required for cytochrome P450 to carry out the monooxygenation reaction, 

transferring one oxygen atom to the substrate [49]. The opposite effect, wherein substrate binding 

induces the release of oxygen from the protein structure, is also well-known, as exemplified by 

the oxygen dissociation from hemoglobin upon 2,3-bisphosphoglycerate (2,3-BPG) binding [50]. 

Our simulations indicate a similar phenomenon: the interactions of SAPE substrate with 15LOX-

1/PEBP1 complex induce a conformation change at Entrance A (group of three helices: V172 to 

L191, Y395 to T420, N582 to G597) and open a passage for O2 to the catalytic site. More 

specifically, substrate-induced conformational changes cause one of the helices in the V172 to 

L191 region to open, creating a passage to the catalytic site of 15LOX-1. To demonstrate such 

conditional conformational changes, the time evolution of the distance between helix V172-L191 

(α2) and helix N582-G597 was selected as a proper measure of the opening of Entrance A. Data 

are shown in Fig. 5. Notably, the distance between these helices in Entrance A increased by 

about 2 Å upon association of LOX with the SAPE substrate, as shown in Fig. 5a, b that allows 

to simultaneous aquire up to two O2 molecules to the catalytic site (yellow KDE plot, Fig. 2b). 



 

Figure 5. Conformational changes of 15LOX-1/PEBP1 complex upon SAPE interactions revealed by MD 
simulations. (a) Comparison of the final structures of 15LOX-1/PEBP1 ±SAPE complex in the presence of the 
membrane. 15LOX-1 with SAPE and 15LOX-1 without SAPE are shown in dark blue and dark orange, respectively. 
The opening motion of Entrance A is denoted by the red arrow. The quantitative analysis (right panels) shows opening 
of Entrance A by time evolution of dαH plot and histogram plots for the 15LOX-1/PEBP1 in the presence and absence 
of substrate SAPE, with membrane. (b) Conformational changes of 15LOX-1/PEBP1 without biological membrane are 
shown. Dark blue represents 15LOX-1 with substrate SAPE and dark orange represents 15LOX-1 without substrate 
SAPE, opening of Entrance A shown by red arrow and quantitative analysis shows opening of Entrance A by time 

evolution of distance dαH plot and histogram plots for the 15LOX-1/PEBP1 in the presence and absence of substrate 

SAPE, and without membrane.  

 

 

 



Two main oxygen diffusion pathways in LOX family members. Our studies revealed two 

oxygen channels in the 15LOX-1 structure. To contextualize our findings, we gathered information 

on other members of the LOX family that have been investigated in previous studies (see 

Supplementary Tab. 5). Those data are illustrated in Fig. 6a and Supplementary Fig. 3, and 

demonstrate that similar oxygen pathways have also been observed in various LOX family 

members. This comparison suggests a conserved mechanism within this family.  

To assess the key regions of the oxygen tunnels across various LOX enzymes, we further 

examined the conservation of the identified regions, both in terms of sequence and structure. 

Despite the generally low sequence identity among LOX family members - less than 30% [51] - 

we identified two distinct motifs along the identified oxygen pathways that may have structural or 

functional significance: I-[ND]-x-x-[AG]-R-x-x-L-[IV] (at Entrance A) and [ST]-H-[LW]-[AL]-x-x-H-

[LA] (at Entrance B), where x is any residue (Fig. 6a, Supplementary Fig. 4). Further screening 

of those motifs using MOTIF server feature from GenomeNet [52] pointed to 205 and 96 structures 

for Entrance A and B motifs, respectively, which exhibit similar motifs in their architecture. Among 

those, we identified LOX family members, kynurenine 3-monooxygenase (Entrance A motif) or 

cytochrome P450 (Entrance B motif). 

Although the sequence-conserved motifs provided some insight, they did not fully reveal the key 

regions involved in the mechanisms governing oxygen diffusion pathways present across the LOX 

family proteins. To gain a deeper understanding, we analyzed structural conservation, which 

proved to be more informative, indeed. This approach highlighted similarities in the distribution of 

residues with comparable properties, such as polar (in green, Fig. 6b), non-polar (in white), basic 

(in blue), and acidic (in red) residues, at both Entrance A and Entrance B (Fig. 6b). These 

residues create a similar environment for O2 molecules, but their positions in the sequence vary, 

making them difficult to detect through a standard sequence alignment. This is particularly evident 

at Entrance B, which is formed by a loop which length can vary among LOX enzymes. However, 

residues with specific properties, such as G147-L148-L149 on 15LOX-1 (see Fig. 6b, bottom 

panel, orange stars) and the neighboring residue L366 (see Fig. 6b, bottom panel, thick white 

sticks), which is a part of the Entrance B motif, together form the entrance to the tunnel and are 

consistently positioned in a similar location across different LOX family members. Furthermore, 

residues W141 and W144 in 15LOX-1, along with R377, R404, and E501, E369, play a crucial 

role in stabilizing the loop structure through a combination of π-cation interactions (between W 

and R residues) and electrostatic interactions (between R and E residues, Fig. 6b). Additionally, 



a hydrophobic core composed of L397, L160, P161, M152, and Y139 helps to maintain the 

integrity of the loop.  

The second entrance to the LOX catalytic site, Entrance A, is characterized by residues that act 

as sensors for allosteric signals, including N192 and L290-S292 (Fig. 6b, upper panel) and 

additional residues along the N582-G597 helix (marked with red stars). On the opposite side, the 

Y395-T240 helix contains the Entrance A motif. Together, those elements form the entry point to 

the primary O2 tunnel (denoted by red arrow in Fig. 6b, upper panel). 

 

Figure 6. Oxygen pathways in different LOX family members. (a) Schematic representation of oxygen 
pathways in LOX members including rabbit 15LOX-1 (PDB: 1LOX; in blue), soybean LOX1 (PDB: 1YGE; 
in pink), rabbit 15S-LOX (PDB: 2P0M; in yellow), 15LOX-2 (PDB: 4NRE; in pink), 8R-LOX (PDB: 4QWT; in 
black), LOX2 (PDB: 5MED; in cyan), and our model of human 15LOX-1/PEBP1 (in green). Identified 
tunnels: Entrance A maintained by three helices (in purple) and Entrance B regulated by the Y395-T420 
loop (in orange) are displayed. The directions of the flow of O2 molecules for both entrances are illustrated 
with dashed red/blue arrows. Colored arrows show which O2 entrance was identified for which LOX studies 
(more details in Supplementary Tab. 5). The catalytic iron is represented as a pink sphere. (b) A close 
view of Entrance A and Entrance B displayed for various structurally aligned LOXs. In addition to the various 
LOXs from panel a, three additional structures are included in the alignment: 12S-LOX (PDB: 8GHB), 5-
LOX (PDB: 3O8Y) and bacterial P. aeruginosa PA-LOX (PDB: 5IR4). Sensor residues located at the entry 
of Entrance A, observed for the system with membrane and substrate, are represented as red spheres 
(N192, L290-S292), whereas sensor residues along the Entrance A, identified in the system without the 
substrate, are marked with red asterisks (H584, L588, I592, L596, Q595). The transparent helix (E175 to 
L191) is part of Entrance A. Helices (Y395 to T420 and N582 to T420) shown in cartoon format are 
responsible for the opening of Entrance A. The residues in Entrance B are shown with thin sticks 
representing neighboring residues (R377, E501, L366, E369, R404) and thick sticks representing 
conserved residues (P161, Y139, L160, L397, M152, V373, W141, V370). Residues with the same 
properties in different lipoxygenases are marked with orange stars (W144, G147, L148-L149). Details for 
other LOXs are presented in Supplementary Tab. 6. 



Conclusions 

Ferroptosis is an iron-dependent cell death driven by the production of PUFA-PE hydroperoxides 

which serve as ferroptotic death signals. Our recent work revealed that membrane plays a 

regulatory role in 15LOX-1/PEBP1 catalytic activity by inducing the conformational changes that 

exposes an entry site conducting to 15LOX-1 catalytic pocket, thus allowing SAPE lipids to access 

the catalytic site. The binding of SAPE not only stabilizes but also tightly locks the complex, 

leading to an optimal pose for the peroxidation process [10].  

A crucial aspect of the 15LOX-1 catalytic reaction involves iron facilitating the removal of a 

hydrogen atom from a carbon in a bis-allylic position. This creates a carbon-centered radical, 

which then reacts with oxygen molecules to form hydroperoxyl product [53, 54]. The precise 

mechanism by which dioxygen molecules access the catalytic site, as well as the sequence in 

which the substrate and dioxygen arrive at the catalytic pocket, and the specific elements that 

facilitate or regulate this process, remained largely unknown. To investigate these processes, we 

employed computational modeling and lipidomics experiments to analyze the dynamics and 

association of O2 molecules in relation to the 15LOX-1 structure in the presence of various 

components, including the binding partner PEBP1, the substrate SAPE, and the membrane.  

Through extensive MD simulations, we identified two distinct tunnels used by O2 molecules, 

referred to as Entrance A and Entrance B (Fig. 1), connecting different regions of the protein 

surface to a region of high oxygen affinity surrounding the catalytic center in 15LOX-

1/PEBP1/SAPE, both in the presence and absence of the membrane (Fig. 3). Entrance A is 

shaped by the arrangement of three helices, specifically those spanning residues V172-L191, 

Y395-T420, and N582-G597 on 15LOX-1. Entrance B is localized behind the loop, near the 

W141-M152 region facing toward structurally conserved L366, which appears to function as a lid 

over the active site. At these sites, we identified sensors of allosteric signals (Entrance A, Fig. 4) 

and water clusters which may facilitate oxygen transport (Site 2 at Entrance B, Fig. 2a). 

Additionally, we observed frequently formed water interactions at the catalytic site that may be 

involved in hydroperoxy product release, along with two potential allosteric sites identified in rabbit 

15LOX-1 [37] and 5-LOX [38] (Fig. 2a). These water molecules were identified in our MD 

simulations and among crystallographic structures of other LOX members. These highlight the 

role of water molecules, potentially in enhancing oxygen mobility [39] or contributing to the 

catalytic activity [40, 41]. Our findings revealed the simultaneous presence of up to two water 

molecules (in MD simulations) or three water molecules (based on 140 crystallographic 

structures) at the catalytic site, occupying four distinct cluster positions (Fig. 2a). 



To validate our findings, we analyzed various lipoxygenases (Fig. 6a), considering both sequence 

and structural aspects. This integrated approach revealed key residues along the oxygen tunnels, 

some of which are conserved at the sequence level, including two LOX-conserved motifs: I-[ND]-

x-x-[AG]-R-x-x-L-[IV] at Entrance A, and [ST]-H-[LW]-[AL]-x-x-H-[LA] at Entrance B. Additionally, 

other residues showed structural conservation, further supporting the functional relevance of 

these regions in oxygen transport across LOX architecture (Fig. 6b). 

Our studies also examined the roles of various system components in regulating 15LOX-1 activity. 

Specifically, our data imply that the presence of a membrane reduces insignificant interactions 

between O₂ and random regions of 15LOX-1 (Fig. 3-4), instead promoting the directed movement 

of oxygen toward the tunnel entry leading to the catalytic site. Upon SAPE interaction, 

conformational changes at Entrance A, specifically the movement of V172-L191 region, facilitate 

the opening of a passage for oxygen to access the catalytic site (Fig. 5). Although the opening 

permits the simultaneous recruitment of up to two O₂ molecules, that are occupying distinct cluster 

positions (Fig. 2a-b), our analysis indicates that the catalytic site is more frequently occupied by 

a single O₂ molecule. This preference may reflect the formation of both singly- and doubly- 

oxidized products by LOXs which is observed in redox lipidomics data (Fig. 2c). A single O₂ 

molecule (Fig. 2a-b, Cluster #1) is required to generate a singly oxidized hydroperoxide during 

the LOX catalytic cycle. As the lipid becomes enriched with hydroperoxyl groups, it probably loses 

hydrophobicity and gains affinity for the aqueous environment, prompting its release from the 

catalytic site. It is tempteing to expect that if, at that moment, a second O₂ molecule is present 

(Fig. 2a-b, Cluster #2) and an additional bis-allylic carbon aligns properly with the regenerated 

Fe³⁺-OH⁻ cofactor, a subsequent catalytic reaction may occur, leading to the formation of a 

doubly-oxidized product. Our studies suggest that F352, I413, I417, Y551, I592, and T593 

residues may play the role of an O2 trap for 15LOX-1 (Fig. 2b). 

Overall, our study provides new insights into the complex mechanisms governing oxygen 

transport and ferroptotic lipid peroxidation in LOX members. By identifying specific oxygen 

tunnels, structurally or sequentially conserved residues, and a potentially regulatory role of water 

molecules, we have highlighted the intricate coordination between the enzyme structure, 

membrane environment, and substrate interactions. These findings not only advance our 

understanding of 15LOXs activity but also open new avenues for exploring targeted interventions 

that modulate ferroptosis, with potential implications for therapeutic strategies against diseases 

involving lipid peroxidation. 
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Methods  

Molecular Dynamics simulations. Full-atomic MD simulations were performed for 15LOX-

1/PEBP1 with biological membrane model using NAMD [55] package, the CHARMM force field, 

and 2 fs time steps. The proteins were solvated with explicit water (TIP3P) at physiological salt 

concentrations. CHARMM force field parameters for bonded iron were obtained using Gaussian 

[10], a variant of DFT method (B3LYP/6-31(d,p) method). We performed multiple sets of 

simulations for each system 15LOX-1/PEBP1. Prior to productive runs without membrane, the 

following protocol was adopted: 0.2 ns of water equilibration, 10,000 steps of minimization, 0.35 

ns of heating from 0 to 300 K, and 0.15 ns equilibration of the whole system. A cutoff of 12 Å for 

non-bonded interactions was applied. Langevin dynamics and the Langevin piston algorithm were 

used to maintain the temperature at 300 K and the pressure at 1 atm. For each system we 

performed >200 ns (20+ MD runs, each >200 ns). Simulations with the membrane composed of 

1,2-dioleoy-sn-glycero-3-phosphocholine (DOPC, 50%), 1,2-dioleoy-sn-glycero-3-

phosphoethanolamine (DOPE, 30%), and 1-stearoyl-2-arachidonyl-phosphoethanolamine 

(SAPE, 20%) were prepared in CHARMM GUI [56] server (Supplementary Fig. 1). We used the 

PPM/OPM [57] server to predict the orientation of the protein complex in the membrane. We have 

following set of simulations, included the complex 15LOX-1/PEBP1 and 15LOX-1, encompassing 

both substrate-bound and substrate-free states, in the presence and absence of a membrane 

under different O2 concentrations: 1 O2, 2 O2, 15 O2 (in total: 20 µs, see Supplementary Tab. 1). 

To investigate the oxygen pathways in 15LOX-1, we positioned one O2 and two O2 molecules 

near the active site to study the exit pathways, and randomly placed 15 O2 molecules around the 

protein to study the entry pathways from the outer surface to the active site. The incorporation of 

an oxygen from atmospheric dioxygen into an organic substrate as occurs during oxidation 

process in the active site of 15LOX-1. Throughout the simulation with 15 randomly distributed O2 



molecules, the membrane was constrained, and we employed the keep_water_out.tcl 

(http://www.ks.uiuc.edu/Research/namd/; NAMD website) script to prevent oxygen molecules 

from entering the hydrophobic regions of the membrane, such as DOPC, SAPE, and DOPE, at a 

frequency of every 100 fs. 

 

Multiple sequence alignment. Multiple Sequence Alignment (MSA) of different lipoxygenase 

protein species was performed using ClustalX2 [58] and is available in FASTA format. MSA 

visualization was done via Jalview [59]. Following UniProt IDs were used P16050 (Human 15-

lipoxygenase-1), P12530 (Rabbit reticulocyte 15-lipoxygenase-1), P08170 (Lipoxygenase-1 

(soybean)), O15296 (15-Lipoxygenase 2), O16025 (8R-Lipoxygenase), B7JX99 (Lipoxygenase 

2). 

 

Protein-water interactions. The analysis of meaningful protein-water interactions were 

performed using WatFinder tool [33] from ProDy package [34]. Water clusters of MD trajectories 

were identified using the findClusterCenters() function with cluster methods and maximum 

distances between water molecules set to 0.6 Å (dictC) and minimum number of identified waters 

set to 15 (numC). The total number of analyzed frames was 170 (saved every 1 ns, which gives 

in total 170 ns).  

The analysis of 140 LOX structures was performed using ProDy [34] tools and WatFinder [33]. 

First, we used a Dali search that provided 1731 PDB structures. Among those, we selected 140 

structures with higher than 50% of the total residue length and with an RMSD value lower than 1 

Å. Hydrogen atoms were filled using the Openbabel method of WatFinder, and structures were 

aligned using the matchChain method in ProDy with seqid equal to 5 and overlap of sequence 

higher than 50%. We used default parameters to predict water bridges. Next, we assessed how 

many water bridges across 140 crystallographic structures of LOX are located in the same region 

using findClusterCerters() function of WatFinder with distC = 0.9 Å and numC = 17. Similar 

approach was used to cluster O2 molecules in MD simulations with distC = 1.0 Å and numC = 10. 

 

Perturbation Response Scanning. Perturbation Response Scanning (PRS) approach is based 

on the linear response theory and allows evaluating residue displacements in response to external 

forces [45]. In the map provided by PRS, each element maps the response value of one residue 

(corresponding to the disturbance residue on the horizontal axis) perturbed by another residue 

http://www.ks.uiuc.edu/Research/namd/


(the sensitive residue on the vertical axis). The average effect of all disturbance residues in each 

column is called validity, which indicates the ability of one residue to affect the dynamic changes 

of all other residues, and the strongest effectors can be interpreted as an element that applies 

global control to the propagation of allosteric signals. Conversely, the mean value of the sensitive 

residues of each column corresponds to the perturbed level of the residues. The strongest 

sensors can be interpreted as an effective receiver of allosteric signals. An integration tool, ProDy 

[34], is used for PRS analysis [60]. 

 

Liposome preparation and LC-MS analysis. Liposomes consisting of dioleoyl-

phosphatidylcholine (100 µM) and stearoyl-arachidonoyl-PE (100 µM) were incubated with human 

15LOX-2 (0.4 µM) or human 15LOX-1 (0.4 µM) in the absence or in the presence of PEBP1 (0.4 

µM) in 25 mM HEPES buffer (pH 7.4) containing DTPA  (100 µM) and 0.5 µM 9-HpODE at 37 °C 

for 5 min. At the end of incubation, lipids were extracted by Folch procedure [61] and analyzed by 

LC–MS using on a Dionex HPLC system coupled to a hybrid quadrupole-orbitrap mass 

spectrometer, Q-Exactive (ThermoFisher, Inc., San Jose, CA) with the Xcalibur operating system 

in the negative ion mode (at a voltage differential of –3.5-5.0 kV, source temperature was 

maintained at 150oC). The scan range for MS analysis was 150-1800 m/z with a maximum 

injection time of 128 ms using 1 microscan and a resolution of 140,000. An isolation window of 

1.0 Da was set for the MS and MS2 scans. The S-lens Rf level was set to 70. Oxygenated PE 

molecular species were separated on a C30 reverse phase column (Accucore 2.6 μm, 2.1 mm × 

25 cm, Thermo Scientific). Solvent A: acetonitrile/water (50/50); Solvent B: 2-

propanol/acetonitrile/water (85/10/5). Both A and B solvents contained 5 mM ammonium formate 

and 0.1% formic acid as modifiers. Gradient method was as follows: 0–40 min, 15%–50% B 

(linear, 5); 40–130 min, 50–100% B (linear, 5); 130–135 min, hold at 100% B; 135–140 min, 15% 

B (linear, 5); 140–150 min, 15% B for equilibration. The flow was maintained at 100 μl/min. 

Column temperature was set at 35 ◦C. Commercially available 1-stearoyl-2-15(S)-HpETE-sn-

glycero-3-phosphoethanolamine, 1-stearoyl-2-15(S)-HETE-sn-glycero-3-phospho-ethanolamine, 

1-stearoyl-2-15(S)-HpETE-sn-glycero-3-phosphocholine, 1-stearoyl-2-15(S)-HETE-sn-glycero-3-

phosphocholine (Cayman Chemicals) and 1-stearoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (Avanti Polar Lipids) were used as reference standards. 1-

hexadecanoyl(d31)-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-ethanolamine 

(PE(16:0D31/18:1)) (Avanti Polar Lipids) was used as internal standard.  
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8. Summary and future prospects  

The presented doctoral dissertation aimed to investigate the molecular mechanisms underlying 

ferroptosis and its regulation induced by the 15LOX-1/PEBP1 protein-protein complex. The 

findings from these studies allowed for the achievement of several key objectives: 

• This research proposes a plausible mechanism for the binding and insertion of PUFA-PE 

into the catalytic pocket of 15LOX-1. It highlights the process by which the 15LOX-

1/PEBP1 complex extracts lipids from the membrane and delivers them to the catalytic 

site, an essential step in the formation of peroxidized PUFA-PEs. The accumulation of 

these peroxidized lipids ultimately triggers ferroptosis. Our computational findings are at 

many levels consistent with the LC-MS data. The complex can generate two distinct 

peroxidation products, 15-HpETE-PE and 12-HpETE-PE (see figure below). 

 

• Through our analyses, we discovered that P112 is a critical residue in the interactions 

between 15LOX-1 and PEBP1, focusing on mutations at residues of PEBP1 involved in 

interfacial interactions. Computational studies and mutagenesis experiments, supported by 

LC-MS data, revealed that among the five mutations tested (H86A, H86E, P74L, Y176X, 

and P112E), P112E had the most pronounced effect on both the formation of the 15LOX-

1/PEBP1 complex and the peroxidation mechanism. 

 

Schematic illustration of the membrane regulation of 15LOX-1/PEBP1 complex that prompts the 

generation of ferroptotic signals, 15-HpETE-PE or 12-HpETE-PE, and effect of the mutation on 

residue P112 on the complex formation. Figure published as the graphical abstract of Article A. 
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We confirmed that membrane association and substrate SAPE binding trigger 

conformational changes in the 15LOX-1/PEBP1 complex, forming pathways for O2 access 

to the catalytic site. Two distinct oxygen channels, termed Entrance A and Entrance B, 

were identified, with an 8:2 ratio favoring one oxygen entry route. Additionally, two O2-

binding sites were identified at the 15LOX-1 catalytic site: one facilitates single oxidation, 

while the other may support double oxidation of the substrate. Additionally, lipidomics 

experiments prove the possibility of single and double-oxidized products formation. 

 

• Our findings revealed water clusters within the 15LOX-1, which may facilitate the release 

of hydroperoxy products. These water molecules, identified through MD simulations and 

observed in crystallographic structures of other 140 LOX family members, may suggest 

their potential role in enhancing O2 mobility and contribution to catalytic efficiency.                  

 

The presence of substrate SAPE warrants O2 access tunnels toward the catalytic site of 15LOX-1. 

Figure submitted as the graphical abstract of Article C. 

 

Furthermore, I applied deep learning techniques, such as deep neural networks, to identify hotspot 

residues in the 15LOX-1/PEBP1 complex. Due to the limited dataset size for training, I explored 

various machine learning models under the IDUB grant, supervised by Prof. Irina Moreira 

(University of Coimbra), to pinpoint hotspot residues. 
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Future work includes investigating the formation of the product 15-HpETE-PE and its release 

following the peroxidation process. I have started running simulations of singly and doubly 

oxidized products using all-atom MD simulations. Moreover, based on my MD simulations from 

Article C, in collaboration with Dr. James Mattock, a postdoc working under the supervision of 

Dr. hab. Karolina Mikulska-Rumińska, Prof. NCU, quantum mechanics/molecular mechanics 

(QM/MM) simulations will be conducted to gain insights into product formation in the 15LOX-

1/PEBP1 complex. 

 

9. Appendix 

9.1 WatFinder 
 

Water bridges  

Water bridges, formed by water molecules, are essential interactions that significantly impact 

various biochemical processes, especially in enzyme and protein functions [136]. These bridges 

operate primarily through transient hydrogen bonding with polar or charged residues, linking 

different protein regions or connecting proteins with ligands. This dynamic bonding allows for the 

flexibility and rearrangements needed for biological functions. Water molecules also mediate ionic 

interactions between charged residues, providing structural stability and flexibility to proteins, 

which is crucial for maintaining protein conformations and supporting biomolecular recognition 

processes [136, 137]. These interactions play important roles in various binding processes.                               

In ligand binding, water bridges facilitate ligand binding by creating a dynamic environment 

around the binding site [138]. When a ligand approaches, water molecules may be displaced, 

affecting binding affinity [139]. Displacement of water from a hydrophobic region can enhance 

binding affinity by reducing unfavorable hydrophilic interactions, while removing stabilizing 

water can decrease affinity due to an energetic penalty.  

In substrate binding, water bridges stabilize enzyme-substrate complexes in enzyme catalysis by 

mediating interactions between active site residues and substrates [140]. This stabilization 

improves specificity and facilitates conformational changes necessary for catalysis. In oxygen 

transport, the role of water promotes O₂ mobility  [141] by lowering energy barriers at the entrance, 
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modulating protein conformation by opening and closing the entrance to the tunnel, or providing 

transient hydrogen bonds that direct molecules along specific pathways. 

 

Figure 8. Schematic description of the protocol adopted to find water and oxygen clusters in all-atom MD 

simulations of the 15LOX-1/PEBP1 complex. 

Water clusters in 15LOX-1/PEBP1  

We utilized our tool, WatFinder, to detect water bridges and their associations using MD 

trajectories of the 15LOX-1/PEBP1 complex with the SAPE substrate and a biological membrane, 

as illustrated in the pipeline in Fig. 8. To investigate water bridge formation within the 15LOX-1 

structure, we first applied the calcWaterBridgesTrajectory() function with method="cluster". This 

clustering algorithm provides information on water clusters that form between multiple residues 

of the protein. Next, the savePDBWaterBridgesTrajectory() function was used to save the 

conformations (in PDB format) that contain the detected water bridges. These conformations were 
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further analyzed using the findClusterCenters() function. Additionally, parameters such as dictC 

(maximum distance between independent water molecules in a cluster, measured between oxygen 

atoms in Å) and numC (minimum number of water molecules in a cluster) were adjusted to find 

optimal settings for the system. Initially, default values were tested, with the distance between 

water molecules (distC) set to 0.5 Å and the minimum number of water molecules in a cluster 

(numC) set to 4. The analysis was repeated with stricter parameters to identify only the most 

significant water interactions with the protein. Adjusting parameters, such as distC = 0.6 Å and 

numC = 15, revealed potential water clusters. 

The analysis of 140 LOX structures was performed using ProDy [142] tools and WatFinder [143]. 

First, we used a Dali search that provided 1731 PDB structures. Among those, we selected 140 

structures with higher than 50% of the total residue length and with an RMSD value lower than 1 

Å. Hydrogen atoms were filled using the Openbabel method of WatFinder, and structures were 

aligned using the matchChain method in ProDy with seqid equal to 5 and overlap of sequence 

higher than 50%. We used default parameters to predict water bridges. Next, we assessed how 

many water bridges across 140 crystallographic structures of LOX are located in the same region 

using findClusterCerters() function of WatFinder with distC = 0.9 Å and numC = 17. Similar 

approach was used to cluster O2 molecules in MD simulations with distC = 1.0 Å and numC = 10. 

 

9.2 Machine learning to predict hotspots in 15LOX-1/PEBP1 

Hotspots 

A primary objective of molecular biology is to identify all protein–protein interactions (PPIs) 

within an organism, along with their biochemical and biological roles. PPIs play a crucial role in 

nearly all biological processes, and pinpointing the specific amino acid residues that affect the 

specificity and strength of these interactions is a highly significant challenge [144]. Aberrant 

regulation of these PPI networks is linked to various diseases, such as cancer, neurodegenerative 

disorders, and infections, among others [145]. PPIs are critically regulated through a few "hot spot" 

residues at the interface. A generally agreed definition for hotspot residues are those which, upon 

alanine mutation, generate a binding free energy difference (ΔΔGbinding) ≥2.0 kcal/mol whereas 

null-spots correspond to residues with ΔΔGbinding <2.0 kcal/mol when mutated to alanine [146, 

147]. 
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Figure 9. Schematic description of the protocol adopted to find hotspots in 15LOX-1/PEBP1. 
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Based on our previous experimental data [47] suggesting that residue P112 and the C-terminal 

helix (D175-Y186) of PEBP1 might be essential for its productive association with 15LOX-1, we 

began by using a hypothetical structural PDB model of 15LOX-1/PEBP1 to collect the dataset 

from the SpotOn web server [146]. The SpotOn database already includes information on amino 

acid composition, solvent-accessible surface area (SASA), position-specific scoring matrices, 

amino acids within 2.5 and 4.0 Å, nearby hydrophobic residues, total change in SASA, number of 

interfacial residues, pseudo-amino acid composition, and more. 

To enhance this dataset for model prediction, we used the protr R package to add features related 

to amino acid composition and dipeptide composition. This expanded the dataset to 702 features 

and 520 amino acid residues, with 122 labeled as hotspots and 398 as non-hotspots. To further 

reduce bias, we preprocessed the dataset again by removing PDB models with a similarity score 

above 0.5 (using the TM-align score where we used our model structure as reference). This resulted 

in a reduction of data points from 520 to 476, with 114 labeled as hotspots and 362 as non-hotspots. 

To address data class imbalance, we applied the SMOTE (Synthetic Minority Oversampling 

Technique) to generate additional minority positive samples, achieving a balanced dataset with 

362 positive and 362 negative samples. Additional preprocessing steps included data cleaning, 

handling missing values, and normalizing features to ensure high-quality inputs for model training, 

as described in Fig. 9. 

Training set metrics 

Models Accuracy Precision Recall Sensitivity Specificity F1 AUROC Precision – 

Recall 

RF 0.93 0.91 0.95 0.95 0.91 0.93 0.93 0.89 

XGB 0.99 1.00 0.99 0.99 1.00 0.99 0.99 0.99 

 
Validation set metrics 

 

                               

Test set metrics 

Models Accuracy Precision Recall Sensitivity Specificity F1 AUROC Precision – 

Recall 

RF 0.85 0.82 0.88 0.88 0.82 0.85 0.85 0.78 

XGB 0.88 0.85 0.92 0.92 0.85 0.88 0.88 0.82 

Models Accuracy Precision Recall Sensitivity Specificity F1 AUROC Precision – 

Recall 

RF 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.80 

XGB 0.86 0.87 0.85 0.85 0.87 0.86 0.86 0.81 
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We then built and evaluated multiple machine learning models, including Logistic Regression, 

SVM, KNN, Random Forest, Naive Bayes, Gradient Boosting, and XGBoost, to predict hotspot 

residues. Each model was fine-tuned and optimized for better performance using GridSearchCV, 

a function in the scikit-learn Python package. The models’ performances were assessed through 

cross-validation and metrics such as accuracy, precision, recall, F1-score, and other relevant 

metrics, allowing us to identify the most effective model for hotspot prediction. Among the models 

tested, tree-based models like Random Forest (RF) and XGBoost (XGB) delivered the most 

promising results. 
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