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Abstract

Developing a single selective ligand to a target relevant to two mechanistically interlinked
diseases, such as type 2 diabetes mellitus (T2DM) and a neurodegenerative disorder, like
Parkinson's disease or Alzheimer's disease, provides the potential for an effective treatment that
may impact both. The enzyme 5-lipoxygenase (5-LOX) has been revealed responsible for
producing fatty acid molecules, leukotrienes. These leukotrienes are known to produce
inflammatory responses in asthma and allergic reactions, to induce a reduction of tyrosine
hydroxylase in brain, and are involved in the development of cardiac strokes, obesity and type 2
diabetes. N1-p-fluorobenzyl-cymserine (FBC), an analogue of cymserine and a known
cholineterase inhibitor, was evaluated for inhibition of pleiotropic 5-LOX in our study. The stable
3D structure of 5-LOX was obtained from the Protein Data Bank (PDB) database and was implied
for homology modeling of four reported mutant models. Each generated model was submitted to
the Protein Model Database (PMDB) and employed for measuring inhibition and ligand efficiency
of FBC with support of molecular docking. For each model, normal as well as mutant, FBC
yielded remarkable inhibition constant values, with exothermic free binding energies. The current
study revealed a highly reactive narrow fissure near the non-heme iron binding pocket of 5-LOX
that contains residues crucial for 5-LOX stability and FBC binding. Investigating the binding of
FBC with stabilized and destabilized 5-LOX structures confirmed it as a candidate therapeutic
inhibitor worthy of assessment in preclinical models of T2DM and neurodegeneration.
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INTRODUCTION

Various genome wide studies have focused on the possible reasons underpinning
mechanistic links between the occurrences of type 2 diabetes mellitus (T2DM) and
neurodegenerative disorders, such as Parkinson's disease (PD) or Alzheimer's disease (AD).
The increased prevalence of both T2DM and impaired glucose regulation has been widely
reported in both PD and AD [1, 2]. Another common feature of T2DM, insulin resistance
has also been related to central nervous system dysfunction and ageing [3]. Indeed, multiple
potential mechanisms are involved in the association between T2DM and
neurodegeneration. These include glucose toxicity, direct effects of insulin, amyloid-
peptide (AP) induced inhibitory actions on neuronal insulin receptor signaling, inflammatory
cytokines and oxidative stress [4-11]. A number of new therapeutic strategies have been
proposed to offset neurodegenerative disorders. Some of these include incretins [12], TNF-
alpha inhibition [13-15], antioxidants [16-18] non-steroidal anti-inflammatory drugs and
inhibition of protein misfolding by inflammatory mediators [19-21]. Many of these
approaches possess the potential to impact pathways of relevance in multiple diseases and,
as advised by Collins [22], a “focus on targets that may be relevant to multiple diseases”
provides a way forward to generate greater opportunity for clinical translation and success.

Recently, the 5-LOX gene (ALOX5) has been reported involved across a number of
physiological actions [23]. 5-LOX is a member of a family of dioxygenases that share up to
60% sequence similarity in humans. It is a calcium-requiring, ATP-requiring and non-heme
iron-requiring enzyme. However, the best characterized enzyme action is its ability to
catalyze the initial step in the oxygenation of arachidonic acid at the 5-position to generate
5(S)-hydroxyperoxyeicosatetraenoic and, thereafter, the dehydration of the hydroperoxide
intermediate to produce the epoxide, 5(S),6(S)-oxidoeicosatetraenoic acid (leukotriene A4).
5-LOX is expressed primarily within inflammatory cells, specifically polymorphonuclear
leukocytes, monocytes, easinophils, B-lymphocytes and mast cells. Following its activation,
primarily consequent to intracellular Ca2* elevation and cellular stress, 5-LOX translocates
to the nuclear compartment where it interacts with 5-LOX-activating protein (FLAP) to
convert arachidonic acid into leukotrienes [23, 24]. Released leukotrienes exert their
biological actions through activation of defined G-protein-coupled receptors and potentially
via peroxisome proliferator-activated receptors (Fig. 1).

The inhibition and knockout of 5-LOX, FLAP or leukotriene receptors have provided insight
into the physiological actions mediated by these and their awry regulation in disease
development [23, 24]. 5-LOX and associated chronic overproduction of leukotrienes can
cause inflammation, which can provide a beneficial part of homeostatis but its dysregulation
can be harmful to human health. This can lead not only to asthma and allergic reactions but
can have a role in cardiovascular disease, stroke, myocardial infarction, cancer, obesity and
T2DM [25-27]. Mammalian 5-LOX are monomeric enzymes of 672 to 673 amino acids. A
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model structure of human 5-LOX has been generated on the known crystal structure of the
ferrous form of rabbit reticulocyte 15-LOX [28]. This model, supported by mutagenesis
studies [23], comprises of an N-terminal $-sandwich (comprising residues 1-114) and a
larger C-terminal catalytic domain that contains the iron moiety (residues 121-673). The
catalytic binding pocket of 5-LOX is composed of several a-helices and contains a non-
heme iron group, which is a major prosthetic group involved in redox reactions [29].
Investigation of this 5-LOX iron binding pocket has revealed that the active site is more
spacious and flexible than any other paralog of LOX (e.g., 12-LOX, 15-LOX). Along with
the iron binding pocket, a substrate binding cleft contains various residues having acidic and
basic moieties, hydrophobic residues and additional amino acids which aid the interactions
of LOX inhibitors inside the pocket. In the current study, we evaluated a potential
interaction of 5-LOX with a specific inhibitor, FBC. FBC is an analogue of cymserine, a
known cholinesterase inhibitor, with a preference for the butyryl form of the enzyme [30,
31], a drug class being developed for the treatment of AD [32]. Additionally molecular
docking studies were performed between normal and mutant LOX proteins, in order to
characterize the mode of inhibition of FBC by focusing interactions between the two.

MATERIALS AND METHODS

The molecular structure of FBC was generated using ChemOffice 8.0 Ultra, and energy was
minimized using MOPAC2009 and RMI semi-empirical methods. The tertiary structure of
stable 5-LOX was available at RCSB PDB, pdb id: 308Y [33], as a dimeric oxidoreductase
having a molecular weight of 158986 kDa, a resolution of about 2.39 A and containing iron
as a prosthetic group. In order to perform flexible docking, a monomer of 5-LOX and FBC
were used in AUTODOCK 4.2. We generated 3-dimensional models of a total of four
reported mutants of 5-LOX by using homology modeling in the automated mode of a Swiss
Modeler [34] and submitted these to PMDB [35] (PM0078252, PM0078253, PM0078254,
PM0078255). Sequence similarity and mutant sites are shown in Fig. (2). Each model was
subjected to docking for a maximum of 150 populations. Iron was added to the LOX protein,
as a prosthetic group, thereby, adding additional charges to the gasteric charges. A grid box
was set for each normal and mutant enzyme around the core/iron pocket, with measuring of
the X, Y, Z co-ordinates as 126°, 90° and 80°, respectively. While setting the grid, various
docking experiments were performed, including the peripheral helical motifs. However, the
core iron binding pocket was always contemplated carefully. A hybrid of Lamarckian and
Genetic Algorithm is used by AUTODOCK 4.2, with maximum energy evaluations equal to
2,500,000, RMSD cut off of 2.0 A, cross-over and mutation rates (recombination) equal to
0.8 and 0.02 respectively. A total of 100 runs were performed for each docking experiment.
Flexible docking was performed between the ligand and receptor, with the exclusion of non-
interacting water molecules. Only eleven water molecules, which were found consistent in
the binding pocket, were present to maintain their role for interaction.

RESULTS & DISCUSSION

The stabilized structure of the 5-LOX enzyme was subjected to docking interactions with
FBC as an inhibitor. Gilbert and colleagues [33] have described specific residues within the
5-LOX structure from which mutants can be generated to inhibit 5-LOX activity at various
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points. Among these mutants, the most important, which could induce destabilization of the
5-LOX enzyme, was replacement of GluAsnLeu (ENL) 653-655 with a lysine rich region,
LysLysLys (KKK) 653-655 [36]. The second and third generated mutant involved the
substitution of Ala in alpha-helices by Cys at position 562 and 241 respectively (Fig. 2). The
presence of Cys establishes more disulphide bridges than hydrogen bonding, hence
disturbing the structural fidelity of alpha-helices, leading to an awry protein folded structure.
The fourth mutation, taken into account, was a novel polymorphism in which Lys replaced
Glu at position 274. This polymorphism was first reported by Bai and colleagues [37], and is
involved in a disease phenotype of bronchial asthma.

Hence in our study, we exploited five structures of 5-LOX, including one normal stabilized
enzyme and four mutants, interacting with FBC. Our aim was to assess the inhibition
constant and ligand efficiency of FBC for normal as well as mutant protein. The interaction
of FBC was tested with each mutant in order to check the stability of loss of function
mutations after docking with the inhibitor. The binding pocket of 5-LOX contains iron,
bounded with three His and an lle. Parallel to this active site there is a strong binding groove
in the form of a fissure, leading to a central pocket (Fig. 3). The FBC inhibitor intercalated
into this narrow groove and made strong van der Waal interactions with the neighboring
residues. Arg 388, GIn 567, Thr 563, Ser 465, Leu 306, Val 261, Ala 471 and Val 379 were
found to be the most conserved and crucial residues of the narrow groove. One interesting
observation was that all these interacting residues lie within the range of <5.0 A (Fig. 4). As
FBC comprises of highly electronegative fluorine, nitrogen and oxygen as its functional
groups, its likelihood of successfully reaching the central pocket is high. Due to three
conserved histidines (His 367, His 372, His 550), the active site's iron exists with a valency
of Fe3*. However, in the event that a mutant is generated with substitution of any of these
histidines, FBC may be in a position to make possible interactions with iron. The
flourobenzyl moiety within FBC provides electro negativity to its structure and makes it
more interactive with the neighboring residues. A comparison of docking results was made
by two important parameters (binding energy and inhibition constant), shown in Table 1.
The binding energy values revealed that the Cys mutant has lowest binding energy (AG
-7.91 Kcal/mol) as compared to other mutants. Similarly FBC's lowest inhibition constant
was also found for the Cys mutant (K; 0.37 u M). However, a slight variation was observed
in the parameter of all mutant variants. The values of K; and AG for the normal enzyme are
also worthy of noting, specifically 0.545 pM and —8.54 Kcal/mol, respectively. These results
support the fact that FBC can be used as a potentially active inhibitor against normal/active
5-LOX as well as its mutant variants.

CONCLUSIONS

From our docking data values, we can deduce that whereas FBC may be a potent inhibitor
against normal 5-LOX, it would be yet more effective with the mutant structures. As the
substitution of Glu with Lys is highly important for stability, FBC can inhibit this mutant
with decidedly agreeable energy parameters. Among the eleven water molecules within the
binding pocket, only one showed interaction with the Lys rich mutant, supporting the notion
of instability of 5-LOX by Lys substitution. In synopsis, the current work supports the
appraisal of FBC in preclinical cellular and in vivo models as a potentially interesting
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inhibitor of 5-LOX to evaluate this drug target in the development of T2DM and
neurodegenerative disorders.
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LIST OF ABBREVIATIONS

AD Alzheimer's disease

AB Amyloid-f peptide

FBC NZ1-p-fluorobenzyl-cymserine

T2DM Type 2 diabetes mellitus

PD Parkinson's disease

5-LOX 5-lipoxygenase

PDB Protein Data Bank

PMDB Protein Model Database
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Ca?* level elevation, Activation of » Interact with » Oxygenation of
CellularStress ‘ 5-LOX FLAP Arachidonicacid

Hydro peroxide

intermediate

5(S)-hydroxyperoxy-
eicosatetraenoic

Leukotriene
A4

G-protein

Homeostasis by coupled receptors
inflammation Actlation

Peroxisome proliferator
Activated receptors

Fig. (1).
Schematic diagram of the mechanism depicting the disturbed homeostasis response caused

by activation of 5-LOX. When 5-LOX enzyme becomes activated consequent to different
environmental factors, this leads to the production of leukotrienes and subsequent receptor
activation that can cause an inflammatory response and the induction of cascades leading
ultimately to neurodegenerative disorders.
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Fig. (2). Multiple sequence alignment of normal and mutant 5-LOX sequences
indicate the mutant residue along with their position.
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Fig. (3). Docked result of FBC in complex with novel identified narrow fissure near the non-
heme iron binding pocket of 5-LOX

Superimposition of mutants docked complexes are shown in different colors, Cys241Ala
mutant: yellow, Lys274Glu: pink, LysLysLys653-656GluAsnLys: red, Cys562Ala: white.
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Fig. (4). Atomic distances between reactive functional groups of FBC and neighboring residues
of 5-LOX

The electronegative oxygen, nitrogen and fluorine showed interaction with Val 379, Leu
306, Phe 304, Ala 471, Arg 388, Ser 475 and Thr 563. The criterion for atomic distances
was set < 4.5 A. Atomic distances were measured using Chimera 1.5.3.
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