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ABSTRACT: Inflammation is at the base of many different
diseases. Leukotrienes (LTs) are pro-inflammatory mediators
derived from arachidonic acid (AA), which play significant roles
in acute inflammation. Lipoxins are specialized pro-resolving
mediators (SPMs), also formed from AA, that promote the
resolution of acute inflammation. However, if resolution fails,
chronic inflammatory processes might develop. The enzyme
human-5-lipoxygenase (5-LOX) catalyzes the biosynthesis of
leukotriene named LTA4 but also intervenes in the formation of
the lipoxin LXA4. These two biological functions have made the 5-
LOX isoform a current target for pharmaceutical investigations in
several inflammatory-based diseases searching for inhibitors that
block the leukotriene reaction pathway but not lipoxin’s formation.
However, the development of those selective inhibitors has been hampered by the lack of a crystal structure of human 5-LOX. In this
work, we have built a complete solvated model of the human-5-LOX: AA Michaelis complex using, as initial coordinates, the human
5-LOX structure from the AlphaFold protein structure database. We aim to analyze at the molecular level the overall catalytic
mechanism of 5-LOX that first converts AA into 5(S)-HpETE through a hydroperoxidation reaction and, second, transforms this
hydroperoxide into LTA4 following an epoxidation process. Methodologically, we have performed molecular dynamics simulations
and quantum mechanics/molecular mechanics calculations. The free energy profiles for AA entrance into the 5-LOX’s binding cavity
have been calculated by steered molecular dynamics. This detailed molecular information can explain human-5-LOX’s in vitro
activity (without the presence of the membrane-embedded 5-lipoxygenase-activating protein) and help to design selective inhibitors
favoring inflammation resolution.
KEYWORDS: leukotriene A4, human 5-lipoxygenase, arachidonic acid active site access, epoxidation mechanism,
quantum mechanics/molecular mechanics calculations, steered molecular dynamics simulations

1. INTRODUCTION
Chronic inflammatory diseases have been recognized as the
leading cause of death in the world today, with more than 50%
of all deaths resulting from inflammation-related diseases.1

Physical injuries or microbial infections trigger a physiological
innate response that occurs in vascularized tissues to protect
the host, which is needed for maintaining health, thus starting
acute inflammation, whose cardinal signs are heat, pain, tissue
swelling, redness, and impaired function.2 It is initiated by
neutrophils, eosinophils, and M1-polarized macrophages,
releasing prostaglandins and leukotrienes (LTs).3 These pro-
inflammatory lipid mediators derive from the arachidonic acid
(AA, 5Z,8Z,11Z,14Z-eicosatetraenoic acid) by the action of
the key pro-inflammatory enzymes, cyclooxygenase-2 and 5-
lipoxygenase (5-LOX), respectively.4

Acute inflammation, as a response of the immune system to
a damaging attack, should be localized and self-limited, and
return to homeostasis. If not resolved, organ pathologies
leading to chronic inflammatory phenotypes can result. It is
nowadays recognized that the resolution of inflammation is an
active mechanism with a biosynthetic shift from pro-
inflammatory to pro-resolution lipid mediators, the specialized
pro-resolving mediators (SPMs), enzymatically derived from
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poly unsaturated fatty acids.4−9 Lipoxins (from lipoxygenase
interaction products) were the first class of SPMs discovered.10

Lipoxygenases are a family of nonheme iron-containing
dioxygenases that catalyze highly regio- and stereospecific
hydroperoxidation of polyunsaturated fatty acids holding 1,4-
Z,Z-pentadiene units.11−14 5-lipoxygenases are the most
interesting but also the most elusive of human lipoxygenases.
First, they are bifunctional catalysts. 5-LOX catalyzes the
hydroperoxidation of carbon C5 of AA, producing 5S-
hydroperoxy-6E,8Z,11Z,14Z-eicosatetraenoic acid (5-
HpETE). Then, 5-LOX catalyzes the formation of the unstable
epoxide intermediate Leukotriene A4 (LTA4, 5S,6S-epoxy-
7E,9E,11Z,14Z-eicosatetraenoic acid) by dehydration of 5-
HpETE, involving an initial abstraction of its pro-R hydrogen
at C10.13 Other enzymes transform LTA4 into several pro-
inflammatory LTs that act as potent chemotactic mediators
that promote the recruitment of polymorphonuclear leuko-
cytes to the inflamed region in the acute inflammation.15−18

Second, in the opposite direction, 5-LOX is also involved in
the biosynthesis of anti-inflammatory SPMs, like lipoxins. In
effect, lipoxins can be formed from AA via transcellular
biosynthesis through the sequential actions of 5-LOX and 12-
LOX (or 15-LOX-1), using LTA4 as an intermediate, or by the
action of 15-LOX-1 in 5-LOX-bearing cells.4

The 5-LOX protein has not been crystallized so far.
Newcomer and co-workers19 identified a destabilizing Lys-
rich sequence close to the C-terminus that prevents
crystallization. Mutation of that Lys653−Lys654−Lys655
sequence to a Glu−Gln−Leu sequence, along with the removal
of Ca2+ binding and putative membrane-insertion amino acids
(Δ40 to 44GlySer, Trp13Glu, Phe14His, Trp75Gly, and
Leu76Ser), and two Cys mutations (Cys240Ala and
Cys561Ala) increased the stability of the protein and made it
possible the first crystal structure of an engineered human-5-
LOX at 2.4 Å resolution, the so-called Stable-5-LOX. Stable-5-
LOX also catalyzes the formation of 5-HpETE and LTA4.

An elongated helix α2 with at least six turns appears in the
LOX isoforms in animals, but in Stable 5-LOX, it is a broken
helix with segments of at most three-helical turns that form a v-
like structure. With this position of the helix α2 the aromatic
side chains of the residues Tyr181 and Phe177 cork the cavity
at one end of the elongated cavity,19,20 thus obstructing the
way of AA into the active site. It is called a closed
conformation, in contrast to the elongated, open conformation
of the helix α2 in other animal LOXs. Thus, a very intriguing
point is how AA gains access to the active site. Two
alternatives have been experimentally proposed.19 The first
one involves removal of the FY cork, so AA could enter the
cavity with its carboxylate end first, leading to an inverse
alignment (head-first) of the substrate relative to that for the
15S-LOX and 8R-LOX but being consistent with the S-
stereochemistry of the human-5-LOX products. The second
possibility would require a rotamer shift of Trp147 at the
opposite end of the cavity. In this case, the AA enters the
methyl end first but also leads to the same head-first alignment.
However, the mutation to a smaller residue (Trp147Leu) led
to a significant reduction of the enzyme’s activity, stability, and
product specificity, which seemed to be inconsistent with the
role of Trp147 as an access portal.21

When cells are stimulated to release intracellular Ca2+, the
translocation of cytosolic phospholipase A2 and 5-LOX to the
nuclear membrane is triggered. Phospholipase A2 mediates the
release of AA from membrane phospholipids, and a small

membrane protein, 5-lipoxygenase-activating protein (FLAP)
transfers AA to 5-LOX.13,20,22 It has been proposed20,23 that
the open conformation would increase the ability of 5-LOX to
convert 5-HpETE into LTA4 and that this conformation is
likely the one presented by 5-LOX when interacting with
membrane-embedded FLAP. On the other hand, human-5-
LOX can also produce LTA4 in vitro (in the absence of the
membrane-embedded FLAP) from AA sequentially (hydro-
peroxidation + epoxidation).16

As explained above, LTs are lipid mediators with a very
important pathogenic role in inflammatory-based diseases.
Massive efforts have been dedicated for many years to develop
new therapeutics based on efficient 5-LOX inhibitors, specially
facing the challenge of designing inhibitors that suppress the
formation of LTs without lowering the production of
lipoxins.22 To this aim, the lack of a crystal structure of 5-
LOX has been a big obstacle, thus preventing a complete
understanding at the molecular level of the mechanism of the
reactions catalyzed by 5-LOX. Several years ago, some of us
used Stable-5-LOX to find the binding modes for AA inside the
cavity of the enzyme. However, we were unable to discover any
stable binding mode that could clearly exhibit the predominant
5-lipoxygenating reactivity.24 In this work, the AlphaFold
protein structure database for human-5-LOX has been used,
thus presenting the first available model of the human-5-LOX:
AA Michaelis complex that leads to rationalize the reaction
mechanism of the enzyme. In addition, molecular dynamics
(MD) simulations plus quantum mechanics/molecular me-
chanics calculations have been carried out to get a complete,
detailed mechanism at the molecular level of the conversion of
AA into LTA4 catalyzed by human-5-LOX in the absence of
the membrane-embedded FLAP (thus mimicking the in vitro
behavior). Special attention has been paid to discussing the AA
active site access using steered MD (SMD) simulations.

In the next step, still beyond the scope of the present work,
we plan to extend this study to the complete system including
the membrane-embedded FLAP. Anyway, we hope the results
already obtained here can stimulate the progress of new
experimental work.

2. COMPUTATIONAL METHODS
2.1. System Setup. Due to the nonavailability of an

experimental structure for the wild-type human 5-LOX, the
structure provided by the AlphaFold protein structure database
(UniProt P09917)25,26 has been used. Thus, the AlphaFold
numbering has been employed for protein residues.

The Fe(III)−OH− cofactor of the catalytic center has been
added because it is not contained in the monomeric structure
taken from AlphaFold. On the other hand, the spatial
arrangement and conformation of the residues Val672,
Ala673, and Ile674 (terminal residue) have been modified to
allow the terminal carboxyl group of the latter residue to
coordinate to the iron atom of the Fe(III)−OH− cofactor.
Cartesian coordinates for the iron atom and the heavy atoms of
Val672, Ala673, and Ile674 have been obtained by means of an
overlap of the structure provided by AlphaFold for the wild-
type human 5-LOX with one of the available crystallographic
structures for the human Stable-5-LOX (PDB code 3O8Y).19

However, the OH− group of the Fe(III)−OH− cofactor has
been placed manually taking into account the position of the
rest of the members of the coordination sphere of the iron
atom. The resulting structure from the aforementioned
procedure has been protonated with the H++ web server,27,28
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using a pH = 7.5 for titratable residues. The protonation state
for the coordination sphere of the iron atom was corrected by
hand to ensure a correct description of it. That pH value has
been used according to available experimental data of the
catalytic activity of the wild-type human 5-LOX with AA as a
substrate.16 The pKa values of the NH3

+ group of Lys654,
Lys655, and Lys656 turn out to be 10.4, 10.6, and 9.9,
respectively, that is, more than two points above the desired
pH (7.5). This initial structure of human-5-LOX model
corresponds to the situation in which Lys655 is hydrogen
bonded to Glu651, while Lys654 is pointing to the solvent.
Although the calculated pKa values depend on each particular
structure, taking into account the considerable difference
between the pKa values of Lys654, Lys655, and Lys656 and the
desired pH, it can be concluded that these three lysines are
mainly protonated.

2.2. Docking Calculations. The GOLD5.8.029 program
was used to perform the AA docking calculations within the
cavity of the human-5-LOX, where the MD relaxed structure
resulting from the aforementioned procedure was used as a
receptor. The binding site was defined as a 20 Å radius sphere
centered on the iron atom. The receptor remained rigid, but
total flexibility was given to the ligand during the conforma-
tional exploration. The GOLD’s option to take into account
the interactions of organic ligands with metal ions in
metalloenzymes was activated, but the docking exploration
was restricted to hexacoordinated geometries of iron. In order
to ensure an extensive conformational exploration of AA the
most efficient genetic algorithm was employed. The Chem-
Score fitness function was used to estimate the Gibbs binding
energies of this substrate.

2.3. MD Simulations. The different systems were
assembled using the procedure recommended by the
AMBER software package.30 The force field ff14SB31 was
used for the protein atoms. Instead, the force field parameters
for AA32 and the iron atom with its first coordination sphere
(His368, His373, His551, Asn555, Ile674, and the OH−

group) were recovered from a previous work,33 while the
specific parameters of 5(S)-HpETE were developed here (see
the Supporting Information). The calculations to generate
those specific parameters were carried out following the
standard protocol in AMBER with antechamber and parmchk2
modules. The GAFF230,34 library was used as the source for all
these parameters. The B3LYP/6-31G(d) level of theory was
employed to optimize the 5(S)-HpETE structure and its
atomic charges were assigned using the Merz−Kollman RESP
procedure.35 Finally, the protonation states of AA and 5(S)-
HpETE were also established by hand to ensure that they
matched the protonation states under physiological conditions.

All performed MD simulations followed the same protocol,
the only difference between them was the starting structure
and the length of the production period. After combining the
corresponding files, the different systems were solvated with an
orthorhombic box of pre-equilibrated TIP3P waters36 and their
total charge was neutralized by adding sodium cations using
the tLeap program. The resulting systems contained about
107,500 atoms, of which about 10,900 belonged to the
enzyme. The remaining atoms represent water molecules and
sodium cations. All the MD simulations were calculated with
the AMBER 20 GPU (CUDA) version of the PMEMD
software package.37,38 Initially, the system was submitted to
22,000 energy minimization steps using the steepest-descent
method to avoid close contacts. In the first 6000 steps,

harmonic restraints were applied to the protein and substrate
atoms (when the substrate is included in the system) with a
force constant of 5.0 kcal mol−1 Å−2, so that only the solvent
and ions were relaxed. In the next 6000 steps, harmonic
restraints were applied to the protein backbone and the
substrate heavy atoms (when the substrate is included in the
system) with a force constant of 5.0 kcal mol−1 Å−2. In the last
10,000 steps, the entire system was kept free of restraints. After
this, MD simulations were carried out using periodic boundary
conditions. The system was gradually heated from 0 to 300 K
for a period of 200 ps. Next, an MD run of 1 ns, at constant
temperature and pressure (300 K, 1 bar), has been calculated
to adjust the volume of the orthorhombic box so that a density
of around 1 g cm−3 is reached. Throughout the heating and
compressing, harmonic restraints were applied to the protein
backbone and substrate heavy atoms (if present) with a force
constant of 5.0 kcal mol−1 Å−2, whereas no restraints were
applied to the rest of the system. The temperature was
controlled by Langevin dynamics (with a collision frequency of
3.0 ps−1),39 while the pressure was adjusted by the Berendsen
barostat.40 Then, an equilibration stage of 10 ns was performed
at constant temperature (300 K) and volume. Finally, a
production period was calculated within the same isothermal-
isochoric ensemble. Throughout the MD trajectory a time step
of 2 fs was used and all bonds and angles containing hydrogen
atoms were restricted using the SHAKE41 algorithm. The
particle-mesh Ewald (PME)42,43 procedure is used to handle
long-range electrostatic interactions. The nonbonding inter-
actions have been calculated with a cutoff of 9 Å. For PME, the
cutoff is used to limit direct space sum. For Lennard-Jones
interactions, a long-range dispersion correction based on an
analytical integral assuming an isotropic, uniform bulk particle
distribution beyond the cutoff is added to the van der Waals
energy. The analysis of the MD simulations has been carried
out with AmberTools20.30 As a starting structure for the MD
simulation of the human-5-LOX-empty system, the structure of
human 5-LOX provided by AlphaFold after having applied the
aforementioned procedure was used. A production period of
500 ns was carried out. This MD simulation had the aim of
relaxing the human-5-LOX-empty system. A typical structure
of that MD simulation was employed as a receptor for the AA
docking calculations in the cavity of the human-5-LOX-empty
system. Next, the best docking solution of the AA inside this
cavity compatible with its subsequent reactivity was selected as
the starting structure for the 200 ns MD simulation of the
human-5-LOX:AA Michaelis complex. Finally, the QM/MM
optimized structure of 5(S)-HpETE inside the 5-LOX cavity
coming from the initial hydroperoxydation mechanism (see
next section) was used as the starting structure for the 200 ns
MD simulation of the human-5-LOX:5(S)-HpETE complex.

2.4. QM/MM Calculations. The modular program package
ChemShell44,45 was used to perform the QM/MM calcu-
lations. TURBOMOLE46 was employed for DFT calculations,
whereas AMBER force fields were employed for the MM
calculations using the DL_POLY47 module in ChemShell. An
electrostatic embedding scheme48 was employed to treat the
interaction between the QM and MM subsystems. Moreover, a
link atom scheme was adopted to describe the QM/MM
boundary by using the charge shift model49 and cutoffs were
not introduced to treat the nonbonding MM and QM/MM
interactions.50 The QM/MM optimizations have been carried
out by employing the limited-memory Broyden−Fletcher−
Goldfard−Shanno51,52 algorithm for energy minimizations.
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This algorithm is implemented in the DL_FIND library of
ChemShell53 geometry optimizations. In order to carry out the
QM/MM calculations, some structures that seemed suitable to
undergo the 5-LOX enzymatic process were selected from the
MD simulation of the human-5-LOX:AA Michaelis complex.
For each selected structure, all water molecules outside a
volume of 17 Å radius centered on the substrate molecule were
removed. The active region was defined by all residues and
water molecules inside a 15 Å radius sphere centered on C5 of
the ligand molecule. This region, which contains around 2100
atoms, was kept free, whereas the remaining atoms were kept
frozen. Roughly 12,600 atoms were taken into account in each
QM/MM calculation.

The QM region was described by the B3LYP hybrid
functional.54 The 6-31G(d) People basis set55 was employed
for the C, H, O, and N atoms, while the LANL2DZ basis set56

was used for the Fe atom. The LANL2DZ basis set is a
relatively reduced basis set that combines an effective core
potential and a valence basis set of double-ζ quality. In general,
this basis set must be used with caution, but it has been shown
that can be employed to describe the Fe atom in many
lipoxygenase reactions with acceptable results.57−60 In the
Supporting Information (see Table S1), we have shown that
the relative energies presented in this paper does not
significantly change if a single-point Grimme D3(BJ)-
dispersion correction is calculated.61 As for the pro-S hydrogen
abstraction from C7, the QM region (see Figure 1) was defined

by all atoms of the lipid substrate which are found between C3
and C14, 11 atoms for each His residue in the iron coordination
sphere (His368, His373, and His551), 8 atoms of the Asn
residue (Asn555) in the iron coordination sphere, 3 atoms of
the Ile terminal residue (Ile 674) in the iron coordination
sphere, and the Fe(III)−OH− cofactor. For the rest of the
human-5-LOX enzymatic process steps, this region was
enlarged by an oxygen molecule. In all cases, a multiplicity
corresponding to a sextet was used.62 The net charge of the
QM region is 1 au. Seven link atoms were employed, five
between the bonds Cα-QM atoms of the five residues in the
iron coordination sphere and two bonded to the aliphatic

carbon atoms of the lipid substrate (placed between C3−C4
and C13−C14).

The potential energy profiles have been calculated by
performing several energy optimizations imposing harmonic
restraints on the reaction coordinate, with an increment of 0.1
Å or smaller at each step. The reactant and product structures
for each reaction step have been located by minimizing the
potential energy of the corresponding geometries in each
potential energy profile. The maximum energy point for each
potential energy profile has been directly taken as the
corresponding transition state structure.

2.5. Oxygen Access Channels. Concerning the oxygen-
ation step, the channels through which oxygen can access
inside the enzyme human 5-LOX have been searched using the
plugin Caver3.0.363 of PyMol.64 We have only analyzed the
structure that presented a lower potential energy barrier for the
abstraction of pro-S hydrogen of C7 among the structures that
were considered suitable to undergo the 5-LOX enzymatic
process. For the calculation of these channels, C5 of AA, which
is the carbon atom where the oxygenation occurs, was chosen
as the starting point, and the default value was selected for the
rest of the channel’s parameters, except for the minimum test
radius and the desired radius, which have been set to a value of
0.6 and 2 Å, respectively. The aim of modifying these two
parameters is to locate all channels through which the oxygen
molecule can approach to C5 in whichever orientation, in other
words, to allow the oxygen molecule to rotate along its
approach to C5. All visualizations and representations have
been made with the VMD65 and UCSF Chimera66 programs.

2.6. SMD Simulations. The Caver 3.0 program63 was
employed to study possible channels through which AA can
leave the enzyme cavity. 40 structures uniformly distributed of
the MD simulation of the human-5-LOX:AA Michaelis
complex were selected to this purpose. In this case, the
whole AA was chosen as a starting point to ensure that all
channels arise from the substrate. The default value was
selected for the rest of the channel’s parameters, except for
shell depth and number of approximating balls which were set
to 3 Å and 12, respectively. These two values were modified to
take into account the substrate depth inside the human-5-LOX
pocket and to prevent channels from being too short,
respectively. According to Caver results, three possible
outgoing channels for AA were identified. For each channel,
a representative ensemble of structures was selected where the
considered channel was open, and for each one of these
structures, a SMD38 simulation was performed in which the
AA departure to solution is achieved using a proper stretching
coordinate. All the SMD simulations were carried out
employing the AMBER 20 software package30 in the NVT
ensemble. Again, the temperature was kept constant at 300 K,
the time step was set to 2 fs, all bonds and angles containing
hydrogen atoms were restricted using the SHAKE algorithm,
and nonbonding interactions were calculated using a cutoff of
9 Å. The pulling velocity was fixed to 10 Å ns−1 and the force
constant was fixed to 50 kcal mol−1 Å−2. With the aim of
reducing statistical mistakes related to a poor sampling, the
second-order cumulant expansion67−70 was employed to
calculate the potential of mean force (PMF) for each possible
outgoing channel for AA from the corresponding SMD
simulations which do not exhibit an excessive cumulated
work to achieve the AA departure to solution.

Figure 1. QM/MM partition for hydrogen abstraction of C7. QM
atoms are depicted in blue. The boundary between the QM and MM
regions is indicated by red wavy lines. An oxygen molecule must be
added to the QM region for the rest of the stages of the enzymatic
process that human-5-LOX catalyzes with AA as a substrate.
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3. RESULTS AND DISCUSSION
3.1. Comparison between Human-5-LOX (AlphaFold)

and Human Stable-5-LOX. First, we have compared the
structure provided by AlphaFold for the human-5-LOX
(UniProt P09917)25,26 with the monomer A of the human
Stable 5-LOX (PDB code 3O8Y).19 The superposition of both
structures (Figure 2) shows that they are very similar to each
other. The most notable difference is found in the N-terminal
domain, where human Stable-5-LOX contains an additional β-
strand, which would help the crystallization of this mutant,
with respect to the same domain of the structure of human-5-
LOX. The C-terminal domain is practically identical for both
structures, including the helices α2 and α8 that exhibit a
particular secondary structure that is characteristic only of the
5-LOX isoform. An interesting difference between the two
structures is the spatial and conformational arrangement of the
residues Val672, Ala673, and Ile674: in the case of human-5-
LOX, the terminal Ile674 cannot coordinate to the iron atom
that is responsible for enzymatic catalysis, which justifies the
procedure we have used to build our structure for human-5-
LOX (see above). That great similarity between both C-
terminal domains causes that the shape of the cavity of both
structures is also much alike.

Throughout the MD simulation, our built human-5-LOX
model breathes and adapts to be solvated. In the region
containing the three consecutive lysines (residues 654−656),
which are in the last turn of the helix α that precedes the
carboxylate group of the terminal Ile674, Lys654, and Lys655
compete to form hydrogen bonds with the carboxylate group
of the side chain of Glu651 (see Figure 3). Most of the time,
the NH3

+ group of the Lys654 side chain forms a hydrogen
bond with Glu651 (panel A of Figure 3), whereas the NH3

+

group of the Lys655 side chain points to the solvent, in such a
way that the last turn of that terminal helix α is slightly
deformed. Conversely, that helix α has a well-defined shape
when Lys655 is hydrogen bonded to Glu651 (panel B of
Figure 3). The transition between these two conformations of
Lys654 and Lys655 generates a vibration that propagates
through both ends of that terminal helix α. Lys656 remains
forming hydrogen bonds with the oxygen atom of the Arg652
backbone. These three lysines are precisely those that are
mutated in human Stable-5-LOX with the aim of providing
stability to the enzyme and making its crystallization possible.
Our MD simulation results suggest the reason why the
mutation of these three consecutive lysines gives stability to
the enzyme.

3.2. Molecular Docking Simulations of AA. Docking
calculations of AA within the human-5-LOX cavity after a first
MD relaxation have produced six AA structural clusters, the
best of which is the most populated. In the first, second, third,
fourth, and sixth clusters, the AA carboxylate group is on the
same side of Trp148 (see Figure S1). However, all these five
clusters have two important drawbacks: (1) the carboxylate
group of AA is not held by any strong hydrogen bond, which
suggests that the AA pose is not very stable and will present
great flexibility; (2) their distances from C7, C10, and C13 to the
oxygen atom of the Fe(III)−OH− cofactor are not compatible
with the reactivity exhibited by human-5-LOX for AA (see
Table 1). Conversely, in the fifth best cluster, the AA
carboxylate group is on the opposite side (see Figures S1
and S2), and the distances C7−OH, C10−OH, and C13−OH
(see Table 1) are now compatible with the known reactivity. In
addition, the carboxylate group for this fifth cluster presents a
head-first orientation (in agreement with the available

Figure 2. Overlap between human-5-LOX provided by AlphaFold (in blue) and human Stable-5-LOX (PDB code 3O8Y) (in green). The
additional β-strand of human Stable-5-LOX is represented in orange (this structure lacks the loop that joins this β-strand with the rest of the N-
terminal domain and the union of these two regions has been indicated with a dashed black line). For greater visibility, in the left panel the helices
α2 and α8 have been represented from another perspective, in violet for human-5-LOX and in dark green for human Stable-5-LOX. The panel on
the right contains an enlarged image of the coordination sphere of Fe for both structures where it can be seen that the terminal Ile674 of human-5-
LOX cannot coordinate to Fe, while the same residue of human Stable-5-LOX can.

Figure 3. Representation of the two conformations of Lys654 and
Lys655 of the terminal helix α. Lys654 (panel A) or Lys655 (panel B)
connect with the carboxylate group of the side chain of Glu651.
Hydrogen bonds are indicated by dashed black lines.

Table 1. Distances from C7, C10, and C13 of AA to the
Oxygen Atom of the OH− Group of the Fe(III)−OH−

Cofactor for the Best Solution of Each One of the Six
Clusters Obtained from the AA Docking Calculations Inside
the Human-5-LOX Enzyme

cluster d(C7−OH−) (Å) d(C10−OH−) (Å) d(C13−OH−) (Å)

1 10.17 7.21 4.21
2 7.66 4.64 3.10
3 5.85 3.12 3.17
4 7.77 4.58 3.34
5 4.23 3.30 5.54
6 6.47 3.29 4.37
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experimental information19) and is well anchored, since one of
its oxygen atoms forms a hydrogen bond with the NH2 group
of the side chain of Asn426, and the other forms a hydrogen
bond, somewhat less strong than the previous one, with the
NH group of the skeleton of Val605, and interacts electro-
statically in a favorable way with His601. Here, head/tail-first
orientation will refer to the relative position of the carboxylate
group of AA with respect to Lys410, which is assumed to have
a similar role to Arg403 and Arg599 in rabbit 15-LOX-1
concerning substrate fixation. Thus, the tail-first orientation
means that the carboxylate group of AA is directed toward the
protein surface of the cavity where Lys410 is located, while
head-first means the opposite orientation (the carboxylate
pointing to the bottom of the cavity). The best solution of that
fifth cluster will be used to start the MD simulation of the
human-5-LOX:AA Michaelis complex.

3.3. MD Simulation of the Human-5-LOX:AA Michae-
lis Complex. In the equilibration stage of the MD simulation
of the human-5-LOX:AA Michaelis complex AA reorganizes by
placing the C7 atom pointing to the OH− group of the
Fe(III)−OH− cofactor with one of its hydrogen atoms well
oriented to be abstracted, while C10 and C13 move away from
that cofactor, which hinders the abstraction of hydrogens from
these carbon atoms. Along the 200 ns of the production stage
two periods can be distinguished, one of stabilization and the
other of consolidation. During the stabilization period, the
carboxylate group and the first carbon atoms of AA show great
mobility, although the region of AA where C7, C10, and C13 are
remains much more rigid. This period extends during the first
49 ns of the production stage and the carboxylate group
interacts with many residues, especially Tyr182, Gln364,
Thr365, His368, Asn426, Thr428, and Gln558, either forming
hydrogen bonds or establishing electrostatic interactions.
These interactions are generally quite weak and short-lived,
although they can sometimes become very intense. In contrast,
during the consolidation period (see Figure S3), the
conformation of AA is relatively rigid and does not undergo
sudden fluctuations. This is because the carboxylate group is
quite fixed by the formation of hydrogen bonds with the triad
Tyr182 (with the OH group of its side chain), Gln364 (with
the NH2 group of its side chain) and Asn426 (with the NH2
group of its side chain), being the strongest interaction with
the second residue.

As explained above,13 conversion of AA to LTA4 requires
first the abstraction of H7proS (for the hydroperoxidation
process) and the subsequent abstraction of H10proR (for the
epoxidation process). Therefore, it is worth analyzing the
evolution of the distances from C7, C10, C13 and the hydrogen
atoms attached to the first two carbon atoms to the oxygen
atom of the Fe(III)−OH− cofactor throughout the MD
simulation. Figure S4 shows that C7 is almost always closer to
the hydrogen acceptor oxygen atom than C10, while C13 is
always clearly farther away. The corresponding average
distances C7−OH−, C10−OH−, and C13−OH− (Table 2)
also reflect this trend. Based on a criterion of distances, it can
be concluded that both the hydrogen abstraction from C7 and
C10 are viable, the first one being much easier. Conversely,
hydrogen abstraction from C13 would not be possible. That is
in accordance with the experimental reactivity.71

Regarding the hydrogen atoms, Table 2 and Figure S5 show
that the H7proS is much closer to the acceptor oxygen atom
than H7proR. On the other hand, the distances from H10proS or
H10proR to that oxygen atom are similar. Thus, both the

abstractions of H7proS and H10proR that take place exper-
imentally seem to be feasible according to our MD
calculations. To identify a precatalytic structure that can
undergo both the abstraction of H7proS and H10proR, we have
used a filter based on these two simultaneous conditions: (1)
d(H7proS−OH) ≤ 3.0 Å and d(H7proS−OH) < d(C7−OH); (2)
d(H10proR−OH) ≤ 5.0 Å and d(H10proR−OH) < d(C10−OH).
It should be noted that for the hydrogen abstraction from C10 a
less severe condition is imposed than for C7 because, as
mentioned above, C7 is closer to the acceptor oxygen atom
than C10, and during the hydroperoxidation, the first process of
the enzymatic mechanism of human-5-LOX, small motions of
AA can occur that bring C10 closer to the hydrogen acceptor
oxygen atom. Applying this filter, a total of 61 precatalytic
structures have been obtained (3 of which have been randomly
selected to try to carry out the initial abstraction of H7proS),
which represents a 0.31% of all structures of the MD
simulation. This small generation of precatalytic structures is
consistent with the fact that human-5-LOX is one of the
slowest isoforms of the LOX family.72

3.4. QM/MM Calculations. For clarity, the set of reactions
we have studied in this paper are shown in Figure 4. Two
successive processes take place to convert AA into LTA4:
hydroperoxidation of AA leading to 5(S)-HpETE and
epoxidation of this intermediate to finally form LTA4. The
corresponding QM/MM results for each step will be discussed
in this section.

3.4.1. Hydroperoxidation of AA. The different reaction
steps that lead to the hydroperoxidation of AA by human-5-
LOX will be described in the following subsections.

3.4.1.1. Abstraction of H7proS from C7 of AA. As explained
above, three precatalytic structures of the MD simulation
(snapshots 914, 15,204, and 19,833) of the h-5-LOX:AA
Michaelis complex have been randomly chosen to perform the
hydrogen abstraction from C7. For each structure, the
hydrogen atom of C7 that was closest to the acceptor oxygen
atom of the Fe(III)−OH− cofactor was selected to be
abstracted. This hydrogen atom is always H7proS, which is
also well orientated due to the applied filter. Taking as a
starting point the optimized geometry corresponding to each
selected precatalytic structure, the corresponding potential
energy profile has been calculated as a function of the reaction
coordinate (Figure S6). This reaction coordinate has been
defined as the difference between the length of the bond that
breaks (C7−H7proS) and the length of the bond that is formed
(H7proS−O). As example, panels A, B, and C in Figure 5 show

Table 2. Average Distances of Interest from a Reactivity
Point of View Corresponding to the 200 ns MD Simulation
of the Human-5-LOX:AA Michaelis Complex along with
Their Standard Deviationsa

distance average distances and standard deviations (in Å)

d(C7−OH−) 3.92 ± 0.48
d(H7proS−OH−) 3.58 ± 0.78
d(H7proR−OH−) 4.82 ± 0.62
d(C10−OH−) 5.76 ± 0.37
d(H10proS−OH−) 5.49 ± 0.45
d(H10proR−OH−) 5.94 ± 0.45
d(C13−OH−) 8.59 ± 0.39

aThe hydrogen atoms of C13 have not been considered since this
carbon atom is too far from the hydrogen acceptor oxygen atom to
undergo any hydrogen abstraction.
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the structures of snapshot 15,204 for reactant, TS, and product,
respectively. The resulting potential energy barriers for the
three precatalytic structures chosen ranged from 23.3 to 30.3
kcal/mol (Table 3), so exhibiting the usual large dispersion of
many enzyme reactions.

The hydrogen abstraction takes places at C7, placed in the
middle of a 1,4-Z,Z-pentadiene unit, and tends to give rise to a
planar system of five electrons delocalized over the five carbon
atoms (C5−C9) of a π-pentadienyl radical. Thus, the reaction
process is quite exoergic (in the least case −10.9 kcal/mol). As

Figure 4. Tentative reaction mechanism of the successive hydroperoxidation and epoxidation processes catalyzed by human-5-LOX when AA acts
as a substrate. The hydroperoxidation process develops after the initial abstraction of H7proS from C7 generating 5(S)-HpETE as a product, while
the epoxidation process develops after the abstraction of H10proR from C10 generating LTA4 as a final product.
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a matter of fact, the abstraction products corresponding to
snapshots 15,204 and 19,833 are quite planar, while, as seen in
Figure 5, the abstraction product of snapshot 914 slightly
deviates from a flat delocalized π-pentadienyl radical. This is
the reason why the potential energy profile of snapshot 914 is
the least exoergic. Finally, it is interesting to realize that the
values obtained for the potential energy barriers corresponding
to the abstraction of H7proS of C7 catalyzed by human-5-LOX
are significantly higher than the exponential average potential
energy barrier of 19.6 kcal/mol, calculated for the abstraction
of H13proS of C13 catalyzed by rabbit 15-LOX-1 for the same
substrate,57 which is in agreement with the experimental
kinetic data.72

3.4.1.2. Oxygenation at C5 of the π-Pentadienyl Radical.
Search for oxygen molecule access channels: A previous step
necessary for the study of the addition of the oxygen molecule
to the π-pentadienyl radical obtained after the abstraction of
H7proS of AA is to determine the channels73,74 through which
the oxygen molecule can access from the protein surface into
the active center of the human-5-LOX. These channels have
been calculated for the product of the abstraction step of H7proS
corresponding to snapshot 15,204, which involves the lowest
potential energy barrier for this process among the precatalytic
structures studied and is a π-pentadienyl radical totally flat
where there is electronic delocalization between C5 and C9
(see Figure 5). The calculated channels have been grouped
into two clusters (Figure 6). The innermost portion with

respect to the surface of the enzyme of the representative
tunnels for both clusters coincides. Therefore, there would be
two clusters of oxygen channels to the interior of the protein
not equivalent to each other, whose paths converge when they
approach the cavity where the substrate is bound. It should be
noted that the two clusters of channels lead exclusively to C5,
although in principle, the addition of the oxygen molecule
could have taken place on either C5 or C9. In addition, the
diameter of the representative tunnel of both clusters narrows
as it approaches the active center of the enzyme. In fact, in the
most superficial area of both representative tunnels, the
diameter is sufficient to accommodate both the oxygen
molecule to be added and various water molecules. The
tunnels of the best cluster are defined by the side chains of

Figure 5. Reactant, TS, and product structures for the H7proS abstraction in snapshot 15,204 (panels A−C, respectively), and product structure for
H7proS abstraction in snapshot 914 (panel D).

Table 3. Potential Energy Barriers and Reaction Energies
for the H7proS Abstraction in the Different Selected
Snapshots

snapshot ΔE‡ (kcal/mol) reaction energy (kcal/mol)

914 30.3 −10.9
15,204 23.3 −12.7
19,833 27.4 −15.8

Figure 6. Representation of the two clusters of channels obtained (the
best cluster is indicated in violet, while the second-best one is pictured
in orange) from the calculated tunnels for an oxygen molecule access
into the active center of human-5-LOX from the surface of the
enzyme. The main residues defining the tunnels of these clusters, and
the C5 and C9 carbon atoms of AA have been indicated. Both clusters
lead exclusively to C5.
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Trp148, Phe152, Thr365, Leu369, Ile416, Phe422, and Val437,
along with the hydrophobic end of AA. The tunnels of the
second-best cluster are defined by the side chains of Phe152,
Ile293, Thr365, Leu369, Phe422, Thr428, His433, Val434,
Gln435, Met436, and Val437. A significant proportion of
residues coincides for both clusters of channels since they
share their innermost portion with respect to the surface of the
enzyme, as mentioned above.

Addition of the oxygen molecule to C5: The best oxygen
channel cluster found above (see Figure 6) for an oxygen
molecule attack onto the H7proS abstraction product of
snapshot 15,204 has been used to study the oxygen addition.
Only oxygenation at C5 has been considered since the two
clusters of channels obtained lead exclusively to that carbon
atom. The oxygen molecule was initially placed at about 6.5 Å
from C5. The system was fully optimized at the QM/MM level,
only keeping fixed the distance between the nearest oxygen
atom of the incoming oxygen molecule and C5 [d(C5−O)].
This optimized structure has been used as a starting point to
build the potential energy profile for the attack of the oxygen
molecule, in which d(C5−O) has been used as a reaction
coordinate. It is important to note that the addition of the
oxygen molecule to C5 occurs antarafacially with respect to the
Fe(II)−OH2 cofactor (Figure 7), giving rise to a peroxide

radical that exhibits a stereochemistry compatible with the
experimental structure of 5(S)-HpETE [that is, the double-
bond C6�C7 is trans (E), but C8�C9 is cis (Z), and a
configuration S at C5]. The oxygen molecule penetrates the
channel without any potential energy barrier until it reaches a
minimum energy structure that has been optimized, giving the
peroxide radical [d(C5−O) = 1.50 Å] shown in Figure 7. It is
worth emphasizing that this oxygenation is highly exoergic
(−38.8 kcal/mol).

3.4.1.3. Rotation of the Peroxide Radical Group at C5. To
form 5(S)-HpETE after the addition of the oxygen molecule to
C5, a back-hydrogen transfer to the peroxide radical to form
the corresponding hydroperoxide is required. However, the
oxygen molecule attacks the π-pentadienyl radical in C5
antarafacially with respect to the Fe atom, and then, a rotation
of one of the C−C bonds containing the peroxide group is
necessary to achieve a suprafacial arrangement and make the
back-hydrogen transfer possible, which would come from the
Fe(II)−OH2 cofactor of the enzyme.

The optimized peroxide radical product (Figure 7) has been
selected as the starting point to start that rotation. The reaction
coordinate to reach a suprafacial arrangement of the peroxide

radical was defined as a rotation around one of the C−C bonds
containing that group. This motion can be described by a
dihedral angle centered on the carbon atoms that define the
bond around which such rotation takes place. Of the different
possible dihedral angles, the dihedral angles < (O1−C5−C6−
C7) and < (O1−C5−C4−C3) have been chosen (O1 stands for
the oxygen atom of the peroxide bonded to C5) since they
seem the most suitable to achieve a suprafacial arrangement of
the peroxide radical group without involving too high potential
energy barriers. In addition, it is possible to define two
directions of rotation for each dihedral angle, clockwise and
counterclockwise (these directions of rotation are defined by
looking at the substrate from its hydrophobic end, see Figure
S7). Therefore, there are four possible rotations of dihedral
angles to reach this suprafacial arrangement. None of the
rotations around < (O1−C5−C6−C7) led to a peroxide
suprafacial arrangement, whereas the rest of the AA atoms
are those that are rearranged in both directions of that rotation.
This result highlights the flexible nature of the substrate. On
the other hand, both directions of the rotation around < (O1−
C5−C4−C3) take the peroxide group to an almost suprafacial
arrangement after a significant reorganization of the carbon
atoms C3, C4, and C5 of AA. The clockwise direction leads to
the structure shown in Figure S8 (at −59.7°) through a
potential energy profile with a smooth curve that involves a
potential energy barrier of only 0.7 kcal/mol and a reaction
energy of −12.3 kcal/mol. The counterclockwise rotation will
not be considered because the subsequent potential energy
barriers from its corresponding nearly suprafacial structure are
higher than in the case of the clockwise rotation.

From the structure shown in Figure S8, the rotation of the <
(O2−O1−C5−C6) dihedral angle has been performed to
properly orient the oxygen atom (O2) of the peroxide radical
that must receive the hydrogen atom from the Fe(II)−OH2
cofactor. As before, this rotation can be done in two directions,
clockwise and counterclockwise (these directions of rotation
are defined by looking at the substrate in the direction of the
C5−O1 bond, leaving O1 ahead of C5, Figure S9). Both
directions of rotation manage to orient the O2 atom toward the
Fe(II)−OH2 cofactor. In addition, both directions exhibit a
potential energy profile with a smooth curve and a remarkably
small potential energy barrier (3.6 and 0.4 kcal/mol for
counterclockwise and clockwise rotations, respectively). Only
the product of the counterclockwise rotation is shown (Figure
8) since from it a substantially lower potential energy barrier

Figure 7. Peroxide radical corresponding to the addition of an oxygen
molecule at C5 of the H7proS abstraction product of snapshot 15,204.

Figure 8. Product structure corresponding to the counterclockwise
rotation around the < (O2−O1−C5−C6) dihedral angle. The oxygen
atom (O2) of the peroxide radical that must undergo the back-
hydrogen transfer is well oriented toward the Fe(II)−OH2 cofactor.
The distances of interest have also been indicated.
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will be obtained for the subsequent back-hydrogen transfer
than for the case of the clockwise rotation. This product
appears at 80.8° involving a reaction energy of −1.4 kcal/mol.

3.4.1.4. Back-Hydrogen Transfer to the Peroxide Radical
Group at C5. Once the peroxide radical group has reached a
suprafacial arrangement and the outermost oxygen atom of the
peroxide is oriented toward the Fe(II)−OH2 cofactor, that
oxygen atom evolves toward one of the hydrogen atoms of the
cofactor, so that the back-hydrogen transfer takes place. The
difference between the length of the bond that breaks (O−H
of OH2 of the cofactor) and the length of the bond that is
formed (O−H of the resulting hydroperoxide group) has been
chosen as a reaction coordinate. The optimized product
structure corresponding to the counterclockwise rotation
around the < (O2−O1−C5−C6) dihedral angle (Figure 8)
has been taken as the starting point for this reaction profile.
This process involves two steps with two potential energy
barriers. The first step corresponds to the peroxide radical
group adopting a totally suprafacial arrangement, in such a way
that its outermost oxygen atom (O2) becomes close enough to
the hydrogen atom of the Fe(II)−OH2 cofactor that will be
back-transferred (see TS and product in panels A and B,
respectively, of Figure 9). This step involves a potential energy

barrier of 22.3 kcal/mol and a reaction energy of 10.4 kcal/
mol, with a significant reorganization of the substrate, more
specifically, of its first 10 carbon atoms.

On the other hand, the second step corresponds to the back-
hydrogen transfer itself. To obtain a smooth enough potential
energy profile for this second step employing the same reaction
coordinate, the profile has been calculated by performing a
forward and backward scan. The final profile involves a
potential energy barrier of 20.6 kcal/mol and a reaction energy
of 6 kcal/mol (see TS and product in panels C and D,
respectively, of Figure 9). As a result of the back-hydrogen
transfer, the peroxide radical is reduced to a hydroperoxide
group, so generating 5(S)-HpETE (panel D of Figure 9),
which is the final product of the hydroperoxidation process

catalyzed by human-5-LOX, and the Fe(III)−OH− cofactor
has been regenerated to initiate a new catalytic cycle, which
should eventually lead to the formation of 5,6-epoxide of
LTA4.

Finally, one could wonder if the formed intermediate 5(S)-
HpETE remains in a pose that is compatible with the
subsequent formation of 5,6-epoxide which leads to the final
LTA4, through the abstraction of H10proR from C10 of 5(S)-
HpETE. To address this issue, a MD simulation of 200 ns for
the human-5-LOX:5(S)-HpETE Michaelis complex was run.
The optimized structure of 5(S)-HpETE inside the 5-LOX
cavity obtained from the above-described hydroperoxidation of
AA was taken as a starting structure for that MD simulation.
Analyzing the evolution of the distances from the C10 hydrogen
atoms (H10proS and H10proR) to the oxygen atom of the
Fe(III)−OH− cofactor throughout the MD simulation (see
Figure S10), it can be seen that the H10proR abstraction is
preferred over the H10proS one, and not only 5(S)-HpETE
remains in a pose compatible with the H10proR abstraction, but
it also improves its position to undergo this hydrogen
abstraction. At this point, it is worth noticing that 5(S)-
HpETE is capable of reorganizing itself inside the human-5-
LOX cavity to favor the H10proR abstraction versus the H10proS
(compare with Figure S5B).

3.4.2. Epoxidation of 5(S)-HpETE to Form LTA4. The
different reaction steps that lead to the epoxidation of 5(S)-
HpETE by human-5-LOX will be described in the following
subsections.

3.4.2.1. Abstraction of H10proR from C10 of 5(S)-HpETE. The
first step of the epoxidation process consists of the abstraction
of H10proR from C10 of 5(S)-HpETE, resulting from the
previous hydroperoxidation process, to generate a planar
system of seven electrons delocalized over the seven carbon
atoms (C6−C12) of a π-heptatrienyl radical. The starting point
to calculate the potential energy profile of this hydrogen
abstraction is the structure corresponding to 5(S)-HpETE (see
panel D of Figure 9). The hydrogen atom at C10 of that
structure closest to the hydrogen acceptor oxygen atom of the
Fe(III)−OH− cofactor is proR, as suggested by the
experimental results.13 The reaction coordinate has been
defined as the difference between the length of the bond that
breaks (C10−H10proR) and the length of the bond that is formed
(H10proR−O). As in the back-hydrogen transfer case described
above, the profile has been calculated by performing a forward
and backward scan. The final profile (see Figure S11, whose
TS and product are in panels A and B of Figure 10,
respectively) is smooth and involves a potential energy barrier
of 20.2 kcal/mol and a reaction energy of −16.3 kcal/mol. This

Figure 9. TS and product structures for the two steps corresponding
to the back-hydrogen transfer to the peroxide radical group at C5.
Panels A and B correspond to the first step (TS structure and product,
respectively), while panels C and D correspond to the second step
(TS structure and product, respectively). 5(S)-HpETE has been
formed as the final product structure of the back-hydrogen transfer
(panel D).

Figure 10. TS (panel A) and product (panel B) structures for the
H10proR abstraction from C10 of 5(S)-HpETE. The planar system of
seven electrons delocalized over the seven carbon atoms (C6−C12) of
a π-heptatrienyl radical can be seen in the product structure.
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reaction turns out to be very exoergic due to the formation of
an extended planar system of seven electrons delocalized over
the seven carbon atoms (C6−C12) of a π-heptatrienyl radical.
This extended conjugation of the π-radical in the product also
contributes to lower the hydrogen abstraction barrier
(compare with the above case of the H7proS abstraction
where a shorter (C5−C9) π-pentadienyl radical was formed).

3.4.2.2. 5,6-Epoxidation. The second and final step of the
epoxidation consists in the 5,6-epoxide ring-closure of the
5(S)-HpETE π-heptatrienyl radical resulting from the previous
H10proR abstraction to form the final LTA4 product. Two
different mechanisms can be envisaged in order to form this
epoxide ring:16 (1) homolytic cleavage of the hydroperoxide
group at C5 along with a hydrogen atom transfer from the
Fe(II)−OH2 cofactor to form a water molecule and the 5,6-
epoxide closure by radical recombination and (2) homolytic
cleavage of the hydroperoxide group along with an inner
sphere electron transfer directly from the iron atom of the
Fe(II)−OH2 cofactor.

As explained in the Supporting Information [see the section
entitled 5,6-epoxide ring-closure of the 5(S)-HpETE π-
heptatrienyl radical following a hydrogen atom transfer from
the Fe(II)−OH2 cofactor], the first mechanism based on the
hydrogen atom transfer can be discarded because it does not
lead to the formation of the 5,6-epoxide and, therefore, to the
formation of LTA4. With the aim of exploring the second
mechanism, three different reaction coordinates had to be
successively used. Initially, a linear combination of three bond
lengths, specifically d(Oinner−Oouter) − d(Oouter−Fe) −
d(Oinner−C6), was employed in order to move closer Oouter
to the iron atom of the Fe(II)−OH2 cofactor, while at the
same time it is favoring the cleavage of the peroxide bond and
the formation of the 5,6-epoxide (Oinner and Oouter make
reference to the hydroperoxide oxygen atoms, being Oinner the
one directly attached to C5). The optimized geometry of the
product of the H10proR abstraction from 5(S)-HpETE (see
Figure 10B) was employed as a starting point to construct the
corresponding potential energy profile. Next, a rotation around
the < (C6−C7−C8−C9) dihedral angle was used as a reaction
coordinate with the objective of breaking the planarity of the π-
heptatrienyl radical (C6−C12). This rotation favors the 5,6-
epoxide ring-closure because the steric hindrance for closing
this ring due to the hydrogen atom attached to C6 is reduced,
and Oouter is better positioned to be transferred later to the iron
atom of the Fe(II)−OH2 cofactor as a hydroxide anion
(compare panels C and D of Figure 11). For each possible
rotation direction of that dihedral angle, clockwise and
counterclockwise (these rotation directions are defined looking
at the substrate from the carboxylate side, see panel C of
Figure 11), a potential energy profile was calculated, being the
clockwise rotation the one with the smaller potential energy
barrier. Both potential energy profiles were constructed
starting from the optimized geometry associated with the
third minimum (panel C of Figure 11) obtained using the
initial reaction coordinate. For the sake of brevity, only the
results concerning to the clockwise rotation will be exposed.
Finally, with the aim of forming the 5,6-epoxide and provoking
the inner sphere electron transfer, the length of the nascent
bond Oinner−C6 was chosen as the third reaction coordinate.
The product of the clockwise rotation of the < (C6−C7−C8−
C9) dihedral angle was chosen as starting point to calculate this
last potential energy profile (panel D of Figure 11).

The potential energy profile corresponding to the first
reaction coordinate shows three feasible potential energy
barriers whose values are 16.3, 19.7, and 17.0 kcal/mol,
respectively. Initially, along the first potential energy barrier,
the outer oxygen atom of the hydroperoxide group at C5 gets
closer to the iron atom of the Fe(II)−OH2 cofactor [d(Fe−
Oouter) evolves from 7.91 to 6.25 Å], the hydrogen bond
between Oouter and the OH group of Tyr182 is weakened
[d(Oouter−HO−Tyr182) evolves from 1.73 to 2.56 Å], and a
new one is formed between the same protein residue and the
other oxygen atom of the hydroperoxide group [d(Oinner−
HO−Tyr182) evolves from 2.38 to 2.20 Å]. Additionally,
Leu608 leaves its position, what makes easier the approach
between the hydroperoxide group and the Fe(II)−OH2
cofactor. However, the breaking O−O bond of the hydro-
peroxide at C5, the nascent Oinner−C6 bond and the Fe(II)−
OH2 cofactor do not suffer significant changes. This first step is
endoergic, and its product (panel A of Figure 11) is 8.9 kcal/
mol above the starting structure (Figure 10B). On the other
hand, during the second potential energy barrier, Oouter
continues getting closer to the iron atom of the Fe(II)−OH2
cofactor [d(Fe−Oouter) = 4.65 Å]. Moreover, in order to adjust
to this approach the following two processes take place: (1)
the substrate suffers an important reorganization placing its tail
deeper into the cavity bottom, which allows that the
hydroperoxide group at C5 gets closer to the iron atom of

Figure 11. Successive five minimum energy structures (A to E, see
text) corresponding to the products along the three reaction
coordinates associated with the mechanism based on an inner sphere
electron transfer to form the 5,6-epoxide. Panels C and D show how
the clockwise rotation of the < (C6−C7−C8−C9) dihedral angle
breaks the planarity of the π-heptatrienyl radical, so favoring the 5,6-
epoxide ring-closure. It is important to note that panel E corresponds
to the optimized geometry of LTA4, whose Z and E double bonds
have been encircled in purple and blue colors, respectively.
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the Fe(II)−OH2 cofactor without losing the planarity of the π-
heptatrienyl radical from C6 to C12; (2) the water molecule of
the Fe(II)−OH2 cofactor slightly moves away from its position
getting closer to the terminal Ile674, and leaving some room
for the incoming hydroperoxide group. This second step is also
endoergic, and its product (panel B of Figure 11) is 8.2 kcal/
mol above the product of the previous step. Finally, the third
potential energy barrier is associated with the close approach,
although not yet transfer, of the Oouter atom to the iron atom of
the Fe(II)−OH2 cofactor and the departure of the water
molecule. The optimized geometry of the product (panel C of
Figure 11) corresponding to this third barrier shows the
following main features: (1) Oouter is faced toward the iron
atom and both are close enough to each other [d(Fe−Oouter) =
2.39 Å] to allow the homolytic cleavage of the hydroperoxide
group along with an inner sphere electron transfer from the
iron atom; (2) the planarity of the π-heptatrienyl radical
between C6 and C12 is preserved; (3) the released water
molecule forms a water bridge that connects Oouter with the
terminal residue Ile674; and (4) the breaking O−O bond of
the hydroperoxide at C5 and the nascent Oinner−C6 bond do
not suffer any significant changes in comparison with the
starting structure of this reaction coordinate [d(Oinner−C6) =
2.42 Å; d(Oinner−Oouter) = 1.46 Å]. Unlike the two previous
steps, this third step is exoergic, and its product is 2.2 kcal/mol
below the product of the previous step. From this point, if this
reaction coordinate is continued, upon overcoming a potential

energy barrier of 23.1 kcal/mol, which would be the highest
one considering all potential energy barriers of this second
mechanism, the cleavage of the O−O bond and the transfer of
the hydroxide anion to the iron atom takes place; however, the
5,6-epoxide formation would not be achieved yet. For this
reason, the subsequent reaction coordinates are necessary to
form the 5,6-epoxide.

The potential energy profile associated with the second
reaction coordinate is quite simpler, since it only contains a
small potential energy barrier of 1.2 kcal/mol. In the obtained
product (panel D of Figure 11), which is localized at < (C6−
C7−C8−C9) = −137.8°, the planar system corresponding to
the π-heptatrienyl radical from C6 to C12 is broken without
significantly altering the lengths of the breaking O−O bond of
the hydroperoxide at C5 and the nascent Oinner−C6 bond. This
dihedral rotation is slightly exoergic, with a reaction energy of
−0.3 kcal/mol.

At this point, everything is ready for the inner sphere
electron transfer to occur directly from the Fe atom, so
synchronically triggering the homolytic cleavage of the
hydroperoxide, the hydroxide anion transfer to the iron
atom, and the formation of the Oinner−C6 epoxide bond. All
those chemical changes take place along the potential energy
profile associated with the third reaction coordinate, which
only presents a potential energy barrier of 22.1 kcal/mol, that
corresponds to the 5,6-epoxide formation itself. The optimized
structure of the obtained product with this reaction coordinate

Figure 12. Overall energy scheme including the addition of the oxygen molecule to C5, the two rotations of the peroxide radical group at C5, the
two steps corresponding to the back-hydrogen transfer to the peroxide radical group at C5, the H10proR abstraction, and the five steps corresponding
to the epoxidation of 5(S)-HpETE to form LTA4. All energies are in kcal/mol. The zero of energies corresponds to the product of the H7proS
abstraction step bound to the solvated enzyme plus an oxygen molecule within the water box whose position has been optimized at 6.5 Å from the
C5 atom of the substrate.
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is finally LTA4, with the appropriate stereochemistry for the
double bonds and the epoxide (double bonds C7−C8 and C9−
C10 show an E stereochemistry, double bonds C11−C12 and
C14−C15 exhibit a Z stereochemistry, and both carbon atoms
involved in the 5,6-epoxide show a S configuration, see panel E
of Figure 11). This epoxide ring-closure is exoergic, with a
reaction energy of −37.1 kcal/mol with respect to the product
of the previous step (Int 4). Thus, the homolytic cleavage of
the hydroperoxide group along with an inner sphere electron
transfer directly from the iron atom of the Fe(II)−OH2
cofactor seems the suitable mechanism for the 5,6-epoxide
formation.

To summarize the different QM/MM steps, the overall
energy scheme starting from the product of the H7proS
abstraction step bound to the solvated enzyme plus an oxygen
molecule within the water box whose position has been
optimized at 6.5 Å from the C5 atom of the π-pentadienyl
radical is displayed in Figure 12. This structure has been taken
as the zero of energy of the overall energy scheme. The
addition of the oxygen molecule to C5 involves a falloff in
potential energy of 38.8 kcal/mol with respect to the H7proS
abstraction product. This lost potential energy is transformed
to kinetic energy, which is in part dissipated among
nonreactive vibrational modes, and partially employed to
provide enough energy to surmount the energy barriers for the
following reaction steps, given that these energy barriers for the
two rotations of the peroxide radical group at C5, the two steps
corresponding to the back-hydrogen transfer to the peroxide
radical group at C5, the H10proR abstraction, and the five steps
corresponding to the epoxidation of 5(S)-HpETE to form
LTA4 appear very far below the reference structure. Therefore,
none of those processes, but the H7proS abstraction from C7 of
AA (see Table 3 and Figure S6), can be the rate-determining
step of the LTA4 formation reaction.

3.5. Arachidonic Acid Active Site Access. Once the
reaction mechanisms of the two successive processes [hydro-
peroxidation of AA and epoxidation of 5(S)-HpETE] that
convert AA into LTA4 catalyzed by the enzyme human-5-LOX
have been studied, our focus will be addressed to discuss the
intriguing topic of how AA gains access to the active site of
human-5-LOX to undergo that transformation.

CAVER 3.0 was used to analyze the MD simulation of the
human-5-LOX:AA Michaelis complex with the aim of
determining possible channels connecting the bulk solvent
with the human-5-LOX active site, which can be employed by
AA to enter this cavity. For this purpose, 40 evenly spaced
structures were selected from this MD simulation. Although a
great deal of channels has been obtained, three main channels
(see Figure 13) can be identified. Two of them flow toward the
AA ends, in particular, channel A, which involves Trp148, leads
to the AA carboxylate group, while channel C leads to the AA
tail. In contrast, channel B flows toward the central part of AA
and involves residues Phe178 and Tyr182. It is important to
note that channels A and B had been already proposed.19 With
the aim of studying the role of these three main channels, a
representative set of structures was selected for each one with
the channel open, since they are not always open along the
MD trajectory. Additionally, every main channel has its own
frequency of appearance which resulted in a different number
of structures for each representative set (see Table 4).
According to the CAVER 3.0 parameter to assess the suitability
of channels, called as priority, channel A would be the most
probable route for AA to enter and leave the human-5-LOX

active site since it has the highest value. Additionally, channel
B should be a slightly better route in comparison to channel C.

On the other hand, to study how AA can enter and leave the
human-5-LOX cavity through these three main channels, a
SMD simulation for each structure of the different
representative sets was carried out. For each representative
set, a proper coordinate to extract AA along its SMD
simulations was used: (1) channel A: d(C1−Cα-Asn555); (2)
channel B: d(C1−Cα-Thr428) + d(C1−Cα-Leu369); and (3)
channel C: d(C20−Cα-Ala425). For avoiding problems of
sampling, the cumulant expansion was used to calculate the
PMF associated with each channel.

As for channel C, which would imply a head-first entrance of
AA into the human-5-LOX cavity, 20 SMD simulations were
calculated. In all of them, a loop belonging to the broken helix
α2 (residues 143−160) must be displaced to allow AA to leave
the human-5-LOX cavity. However, this displacement does not
take place in the same way in all cases, giving rise to a
bifurcation of the original channel. In fact, the SMD
simulations of channel C can be classified according to the
side of this loop by which AA leaves the protein cavity. It can
be noted that AA is mostly extracted by the right side of this
loop (16 over 20 SMD simulations), although the left-side
extractions involve an external work much smaller (⟨W⟩right =
200.31 kcal/mol versus ⟨W⟩ left = 141.16 kcal/mol). This result
shows that the left-side AA extractions are easier, but structures
capable of undergoing this extraction are less frequent. On the
other hand, the average forces that should be applied to
achieve the AA extractions by both sides of channel C (see
panels A and B of Figure 14) are quite large, which agrees with
the relatively high external works obtained. Regarding the
calculated PMFs, for right-side extractions (see panel D of
Figure 14), it can be noticed that the channel associated with

Figure 13. Representation of three main channels connecting the bulk
solvent with the human-5-LOX cavity. Two of them flow toward the
AA ends (channel A leads to the AA carboxylate group, while channel
C leads to the AA tail), whereas channel B flows toward the central
region of AA. The channel A involves Trp148 and the channel B
implicates Phe178 and Tyr182. AA is depicted in green.

Table 4. Priority and Number of Structures of the
Corresponding Representative Set for the Three Main
Channels Obtaineda

channel number of structures of the representative set priority

A 31 0.677
B 41 0.487
C 20 0.406

aFor each channel, the value of the priority parameter corresponds to
the average over the structures of its representative set.
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them would be only adequate for entering the human-5-LOX
active site. However, the resulting system after this extraction
has a high energy which is probably associated with unstable
protein conformations, since large forces and a high external
work were necessary to pull out AA. Considering that these
high energy conformations would be barely populated, it can
be concluded that the channel for right-side extractions would
be in fact ineffective both for AA entering and leaving the
human-5-LOX cavity. However, though it is necessary more
sampling in order to obtain more accurate values, considering
the PMF for left-side extractions (see panel C of Figure 14), it
can be concluded that the channel would be inadequate both
for AA entering and leaving since the system is much more
stable when AA is in the solvent. Although the Gibbs energy

barrier to pull out AA from the human-5-LOX cavity through
this channel is much smaller than to enter, it is totally
unfeasible (around 50 kcal/mol). Therefore, channel C is
ineffective both for the AA entrance and AA leaving the
human-5-LOX cavity regardless of the side of the broken helix
α2 loop which AA employs to leave the protein cavity.

Regarding channel B, which would imply a tail-first entrance
of AA into the human-5-LOX cavity, 41 SMD simulations were
calculated, of which 35 had to been discarded because either
AA left the human-5-LOX cavity using different alternative
channels to the considered one, or an excessive external work
had to be employed to achieve a complete AA extraction.
According to the calculated average forces and the PMF for
channel B (Figure 15), AA can abandon the protein cavity in a

Figure 14. Average forces and PMFs for AA extractions through channel C. Panels A and C correspond to AA extractions which take place on the
left side of the broken-helix α2 loop (residues 143−160), while panels B and D correspond to AA extractions which take place on the right side of
that loop.

Figure 15. Average forces (left) and PMF (right) for AA extractions through channel B.
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barrierless way, and the system is much more stable when AA
is found in the solvent. In fact, when the system leaves its initial
equilibrium position inside the enzyme, it evolves to this state
applying very little external work (the external average forces
are moderate and mostly negative). Additionally, a very stable
intermediate structure exists, and the system stability is almost
equal at both sides of it. However, from this intermediate
structure, the Gibbs energy barrier to be overcome is larger for
leaving the human-5-LOX cavity rather than for entering it
(around 5 kcal/mol energy difference). Therefore, though the
system has enough energy to reach the state where AA is in the
bulk solvent, this would tend to evolve backward instead of
forward regarding the extraction of AA into the solvent.
Furthermore, considering the time scale in which the departure
of AA takes place, some degree of thermalization should occur,
which could result in the system being trapped into the
minimum associated with this very stable intermediate
structure. According to our results, channel B would be
inadequate both to AA entry and leaving the human-5-LOX

protein cavity due to the existence of this very stable
intermediate structure and its backward and forward Gibbs
energy barriers.

In relation to channel A, which implies a tail first-entrance of
AA into the human-5-LOX active site, 31 SMD simulations
were calculated, though five had to been discarded due to the
excessive external work that had to be employed for pulling out
AA. According to the calculated PMF for channel A (Figure
16), AA can enter the human-5-LOX cavity overcoming a
small Gibbs energy barrier (around 8 kcal/mol). However,
leaving this cavity is also feasible but implying a significantly
larger Gibbs energy barrier (around 21 kcal/mol). Addition-
ally, the system is more stable when AA is found in the human-
5-LOX cavity, which agrees with the average forces calculated,
since they are mostly positive, though moderate. Figure S13
shows how solvation of AA along its unbinding process
changes. It can be seen that AA increases its interaction with
water molecules, while it penetrates the bulk solvent (see
panels A−D). On the other hand, this smaller interaction with

Figure 16. Average forces (left) and PMF (right) for AA extractions through channel A.

Figure 17. Unbinding process of AA (in green) through channel A. The starting structure (panel A) and the structures of minimum average force
associated with the three peaks observed in the force profile (panels B−D represent the minima of peaks at 0.4, 1.55, and 2.25 ns, respectively) have
been depicted. Protein residues which either anchor AA to the active site (Tyr182 and Asn426) or constitute the bottleneck of channel A were
pointed out.
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water molecules when AA is found inside the human-5-LOX
pocket is compensated with interactions with residues that
constitute this pocket. Therefore, taking everything into
account, this channel is effective both for AA entering and
leaving the protein pocket, although the entrance would be
more favorable.

In conclusion, on the basis of our results, for the human-5-
LOX in a closed conformation, AA enters and leaves the
protein pocket through channel A exclusively. Therefore, it is
only worth analyzing the unbinding process of AA from the
human-5-LOX cavity through channel A. The force profile for
pulling out AA through channel A (left graphic of Figure 16)
shows three peaks (at 0.4, 1.55, and 2.25 ns), being the first
and third peaks very sharp and smooth, respectively. First, the
carboxylic group leads the way toward the pocket entrance, but
its hydrogen bonds with Asn426 and Tyr182, which anchor
AA to the active site, must be previously broken (see panel A
of Figure 17). Additionally, first Phe422 and then Trp148
rotate their side chains to leave room for the outgoing
carboxylic group (see panel B of Figure 17). All this together
would correspond to the first sharp peak, whose sharpness is
because cleavage of favorable interactions, reorganizations, and
rotations take place at the same time. Next, the end part of AA
(from C14 to C20) undergoes a reorganization to accommodate
into channel A, which would correspond to the second
observed peak (see panel C of Figure 17). Finally, the third
smooth peak rises from the completeness of AA extraction to
the bulk solvent (see panel D of Figure 17). This final peak is
smooth since it involves neither cleavage of favorable
interactions nor significant reorganizations.

At this point, there are two main questions still to be
addressed. The first one would be how the interaction between
this enzyme and its helper protein (FLAP) occurs since it is
well-known that human-5-LOX reaches its maximum catalytic
activity when it acts accompanied by FLAP, whose main role is
to supply AA to human-5-LOX from a phospholipid
membrane, and in the presence of Ca2+, which favors the
release of AA.20 On the other hand, when these two proteins
act together, both the N-terminal domain of human-5-LOX
and FLAP should be associated with the membrane and at
least one entrance to the human-5-LOX cavity should lie close
to the AA site in FLAP. Taking all this into account and
according to the calculated channels, the most feasible way of
interaction between human-5-LOX and FLAP is by means of
the human-5-LOX side in which the helix α2 lies, since the N-
terminal domain of human-5-LOX would point toward FLAP,
and therefore toward the phospholipid membrane, and channel
B would lie close to the AA site in FLAP. In fact, this way of
binding between these two proteins had already been
suggested.23,75 However, in accordance with its calculated
PMF, this channel would be inadequate both for AA entering
and leaving the human-5-LOX active site. This apparent
contradiction is because both channels and their PMFs were
calculated using human-5-LOX structures in a closed
conformation, with the helix α2 broken and showing a v-like
structure, while the preferred conformation for human-5-LOX
when interacting with FLAP and a phospholipid membrane
would be the open one,23 with the helix α2 elongated. To
analyze the structure of an open conformation, a Stable-5-LOX
whose crystal structure exhibits a helix α2 elongated (PDB
code 7TTJ) has been taken as a model.20 Indeed, quite apart
from the helix α2 and to a lesser extend the helix α18, the
overall structure of human-5-LOX is preserved regardless of its

conformation. Given that these two helixes are only involved in
channel B, it is expected that both channel A and channel C
remain practically unaffected, which would imply that their
PMFs are still valid. On the other hand, despite the fact that
side chains of Phe178 and Tyr182, which have been postulated
that act as a “cork” that shields the human-5-LOX active site,19

still remain pointing inward the human-5-LOX cavity, this
reorganization of the helix α2 along with the small displace-
ment of the helix α18 would change the orientation and spatial
arrangement of channel B, making it much wider than in the
closed conformation (see Figure 18). It is highly probable that

this increase in width (see the change of position of Phe178
and Tyr182) associated mainly with the helix α2 elongation
favors both entrance and leaving through this new resulting
channel. This enlarged width along with the fact that FLAP will
only supply AA to this channel make channel B the most
suitable one for entering and leaving the human-5-LOX cavity
in the presence of FLAP and the phospholipid membrane.

On the other hand, the second question to be addressed is
which AA end enters first the human-5-LOX cavity and which
would be the resulting alignment of AA in this protein pocket.
According to our results, AA can only gain access to the
human-5-LOX cavity by means of channels A (closed
conformation) or B (open conformation). In both cases, the
alignment of AA corresponds to a head-first positioning in the
active site,23 and AA would first introduce its methyl end into
the human-5-LOX cavity. This way of entering AA into the
human-5-LOX active site is quite clear for channel A
(otherwise, AA could not reach a head-first positioning). In
turn, a head-first entry for channel B is not possible since
would imply a substrate reorganization to place the methyl end
of AA and its 1,4-Z-Z-pentadiene unit centered at C7 properly
to undergo the initial H7proS abstraction. This process would
involve a major reorganization of the central part of AA, whose
flexibility is reduced due to the presence of double bonds, and
therefore, it would be unfavorable with a large Gibbs energy
barrier. An important conclusion that can be drawn from these
results is that it does not exist a direct relationship between the
final alignment of AA in the active site and the AA end which
enter the protein pocket first.

Finally, it is important to underline the significant role of
Trp148 in channel A. Although Trp148 is one of the bulkiest
protein residues, its double-ring polar side chain favors the

Figure 18. Representation of channel B in the closed and open
conformation (fuchsia and orange, respectively). An overlap between
both conformations (closed conformation in blue while open one in
dark green) has been depicted to stand out the differences between
helixes α2 and α18. As a model of open conformation, the structure
corresponding to PDB code 7TTJ was used. Phe178 and Tyr182 have
been represented to show their alignment in relation with channel B.
On the other hand, AA (in green), the Fe(III)−OH− cofactor and
Trp148 have been depicted as a reference point.
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opening of channel A because it can establish a π−π stacking
interaction with Phe152 and a NH−π interaction with Arg412
when this channel is open (panel C of Figures 19 and S14).

However, both favorable polar interactions are lost when
channel A is closed (see panel A of Figure 19). On the other
hand, if Trp148, with its flat side chain, was mutated to a
residue with a less bulky but neither flat nor aromatic side
chain, like Leu148, the absence of the π−π stacking interaction
with Phe152 would push this residue to occupy the region of
channel A and closing it (panel B of Figure 19). All this would
decrease the reactivity of AA, what is supported by the
experimental data associated with the Trp148Leu mutation21

since they show a significant reduction of the catalytic enzyme
activity.

4. CONCLUSIONS
The enzyme 5-LOX occupies an exceptional central position in
the development of inflammation-based diseases. On the one
hand, 5-LOX catalyzes the transformation of AA into LTs,

which are potent chemotactic mediators with key pro-
inflammatory functions that trigger acute inflammations. On
the other hand, 5-LOX also intervenes in the production of
lipoxins, which are anti-inflammatory SPMs that promote
resolution of the inflammation, so avoiding a chronic
inflammatory condition. That is why enormous efforts have
been devoted for decades to the discovery of 5-LOX inhibitors
that suppress the formation of LTs without decreasing the
generation of lipoxins. The lack of a crystal structure for 5-
LOX has made this challenging objective very difficult so far.
The recent AlphaFold protein structure database prediction of
the tridimensional structure of human-5-LOX has enabled us
to present here the first available model of the human-5-
LOX:AA Michaelis complex. Then, we have combined MD
simulations, quantum mechanics/molecular mechanics calcu-
lations, and SMD simulations to unravel step by step the
molecular mechanism by means of which human-5-LOX
converts AA into LTA4 in the absence of the membrane-
embedded FLAP in vitro.

AA presents a stable head-first alignment in the active site of
human-5-LOX. The exoergic abstraction of H7proS from C7 of
AA gives rise to a planar system of five electrons delocalized
over the five carbon atoms (C5−C9) of a π-pentadienyl radical
and initiates the hydroperoxidation of AA, then leading to
5(S)-HpETE. This intermediate is retained enough time inside
the 5-LOX cavity to allow the very exoergic abstraction of
H10proR from C10 of 5(S)-HpETE to give an extended planar
system of seven electrons delocalized over the seven carbon
atoms (C6−C12) of a π-heptatrienyl radical, thus beginning the
epoxidation process that finally leads to LTA4. The final 5,6-
epoxide formation takes place by means of the homolytic
cleavage of the hydroperoxide group along with an inner
sphere electron transfer directly from the iron atom of the
Fe(II)−OH2 cofactor. In all, 12 reaction steps are required to
get LTA4 from AA. The initial H7proS abstraction from C7 of
AA turns out to be the rate-determining step of the LTA4
formation reaction. The addition of the oxygen molecule to C5
involves a falloff in energy of 38.8 kcal/mol with respect to the
H7proS abstraction product, thus providing enough energy for
the following reaction steps.

Human-5-LOX contains a broken helix α2 showing a v-like
structure, like in Stable-5-LOX. Then, it has a closed
conformation, and AA enters (a tail-first entry) and leaves
the protein active site exclusively through the channel that
involves Trp148. To this aim, Phe422 and Trp148 rotate their
side chains to leave free room. The double-ring polar side
chain of Trp148 favors the opening of this channel because it
can establish a π−π stacking interaction with Phe152 and a
NH−π interaction with Arg412. On the other hand, if the helix
α2 elongates to give an open conformation, when human-5-
LOX is associated with the membrane-embedded FLAP, a
change of position of Phe178 and Tyr182 will happen. In this
way, the channel shielded by the FY cork in the closed
conformation now opens, becoming the most suitable one for
AA entering (also a tail-first entry) and leaving the human-5-
LOX cavity. It can be assumed that this entrance channel to
the human-5-LOX cavity should lie close to the AA site in
FLAP.

At this point, we might wonder why the only lipoxygenase
whose cellular activity is dependent on a small protein, like
FLAP, is 5-LOX. 5-LOX is the only lipoxygenase that produces
LTs, key lipid mediators in promoting acute inflammation.
Conversely, 12-LOX, 15-LOX, or, again, 5-LOX are needed to

Figure 19. Role of Trp148 in the entrance and leaving of AA (in
green) and in the AA binding to the active site. Panels A and C show
the placement of Trp148 when channel A is closed or open,
respectively. In contrast, panel B shows the placement of Trp148
when it is mutated by Leu148, and channel A is closed. Note that AA
has been set inside the cavity by docking in panels A and B, but it
cannot enter or leave the enzyme active site through the closed
channel A.
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generate anti-inflammatory SPMs. We can speculate that the
immune system has fundamentally evolved to rapidly protect
our body from harmful attacks by triggering acute inflamma-
tions and not so much to optimize the subsequent resolution
of the inflammations. Thus, the helper protein FLAP exists to
provide a very fast delivery of substrates in the case of 5-LOX,
so allowing an immediate inflammatory response, whereas the
later corresponding resolution driven by other lipoxygenases
supposedly need not to be as fast. Admitting the advantages of
this defense strategy, the question arises as to whether this
preference for the pro-inflammatory function of 5-LOX has
weakened its capacity to prevent chronic inflammation more
efficiently.

A study of the human-5-LOX mechanism including the
membrane-embedded FLAP is now in progress in our
laboratory. Meanwhile, we hope that the molecular details
described in this work can already help to the development of
new therapeutics targeting 5-LOX.
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