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Chapter 1

Introduction

1.1 Overview

Lipoxygenases(LOXs) constitute a family of non-heme, non-sulfur iron dioxy-
genases that catalyze the oxidation of lipid compounds 1™ These enzymes
are widely distributed among nature, as they occur in animals, plants, fungi
and bacteria. The first LOX discovered was the Soybean Lipoxygenase-1
(SLO-1) in 1932,% and for a long time it was believed that the presence of
LOXs was restricted to the plant kingdom. In 1974 Hamberg and Samuels-
son discovered a LOX variant in human platelets, which was named later as
12-LOX 2 Nowadays the number of known isoforms belonging to this family
has widely expanded; in the case of human, there are six functional genes
that encode for lipoxygenases©

Lipoxygenases produce the peroxidation of polyunsaturated fatty
acids containing at least one 1,4-Z,Z-pentadiene (bisallylic methylene)
units 7Y yielding a conjugated hydroperoxy derivative that is further me-
tabolized into signaling compounds with particular roles in the different or-
ganisms, for example, green leaf volatiles and jasmonic acids in plants M3
and lactones in microorganisms %1% In mammalians the main substrate of
LOXs is arachidonic acid (AA), the hydroperoxidation of which initiates the
biosynthesis of lipid mediators that are crucial for human health, as they
are implicated in a number of diseases: leukotrienes (pro-inflammatory lipid
mediators) and lipoxins (anti-inflammatory lipid mediators), are involved in
the inflammatory and immunity processes, which are supposed to be at the
root of most illnesses.
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1.1.1 Classification

Family of lipoxygenases enzymes is constituted of various isoforms, and there
is not a universal classification system as there are various different aspects
that can be taken into account (reactivity, tissular presence, evolutionary re-
latedness). One extended classification accounts for the positional specificity
of the main substrate of LOXs. In the case of mammalian LOXs arachidonic
acid (AA) is the most relevant substrate, and the different mammalian LOX
isoenzymes catalyze its oxidation with high regio- and stereospecificity, in
such a way that they are named 5-, 8-, 12-, and 15- according to the specific
position of AA where the oxygen molecule is added (Figure [1.1]). 21016019
This number is sometimes accompanied by the S or R denomination that
specifies the product stereochemistry. As most structures oxidize fatty acids
with S-stereochemistry, the “S-” is omitted, but R-LOX nomenclature is usu-
ally employed. In addition, the name of the isoform can be completed with
the tissue where the enzyme is located. In that way mammalian 15-LOX can
be subclassified into reticulocyte type 15-LOX (or 15-LOX-1) and epidermal
type 15-LOX (or 15-LOX-2).

8-LOX &

1210

/\
12 Tj 15

15-LOX

Figure 1.1: Classification system of mammalian LOXs according to the oxidation posi-
tions in arachidonic acid. Numbers in red indicate the carbon atom position where oxygen
molecule is added to form the hydroperoxide derivative. The different starting positions
for hydrogen abstraction are indicated by arrows, showing the LOXs isoform that acts
over the corresponding position in each case.

This classification system is probably the most extended, but there
are some authors that prefer alternative classification systems. The positional-
specificity classification only considers the reaction specificity towards one
substrate, arachidonic acid, but there are some mammalian LOXs for which
this substrate is not the most important, or even more, there are other sub-
strates (i.e. linoleic acid) with a different reaction specificity. Another aspect
is that AA-position classification system does not take into account evolu-
tionary aspects of the organisms. Different LOX isoforms that share a high
degree of evolutionary relatedness may have different reaction specificity.
That is the case of human gene ALOX15 (the nomenclature of the genes
contains four letters and a number) which actually encodes a 15-LOX-1, and
its homologous mouse gene alox15 which turns out to encode a 12-LOX in
terms of reaction specificity.
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Within this Thesis the positional-specificity classification system will
be employed, as the main interest focuses on how the different isoforms
yield different oxidation products starting from a common substrate, with an
exquisite regio- and stereoselectivity. Such isoenzymes are roughly similar,
and there are particular differences (specially in the active site of the protein)
that are responsible of this specificty. This specificity would be required
as the biological functions of the LOXs metabolites present huge disparity,
sometimes producing opposite effects.

1.1.2 Naturally occurring substrates

Arachidonic acid (Figure constitute the most important substrate in
mammalian LOXSs. Arachidonic acid or 57,872,117 ,14Z-eicosatetraenoic acid,
is a 20 carbon atom polyunsaturated essential fatty acid from the w-6 series
that contains four unsaturations in positions 5, 8, 11 and 14. It is also named
as acid (20:4), where the first digit stands for the total number of carbon
atoms, and the second one for the number of double bonds.

HOOC p— —

Figure 1.2: Representation of arachidonic acid and linoleic acid structures showing all
possible oxidation positions. Oxidation positions are indicated in different colors according
to the carbon atom from which a hydrogen is abstracted in the case of AA: Cr positions
are depicted in yellow, Cio positions in blue, and Ci3 positions in red. In the case of LA
hydrogen atoms can be only abstracted from Ci1, depicted in grey.

AA is the most important substrate in mammalian LOXs but it is
not the only one. Most LOXs isoforms exhibits a wide substrate specificity,
as there are a large number of fatty acid species that can be oxidized. All
naturally occurring polyunsaturated fatty acids (PUFAs), including linoleic
acid, linolenic acid and a-linolenic acid can be easily oxigenated by a LOX.
Linoleic Acid (LA) is an essential fatty acid precursor of AA in animals, and
it is the most important substrate for plant LOXs. LA belongs to the w-6
series and contains two unsaturations in positions 9 and 12.

Other important natural fatty acids substrate are the w-3 series
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eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), that are
present in marine organism (fish oil). These fatty acids serve as precur-
sors of some anti-inflammatory lipid mediators (resolvins and protectins).
Several LOXs isoforms can oxidize lipid esters (phospholipids, cholesterol es-
ters, mono-, di- and triglycerids) that contain PUFAs, and even protein-lipid
complex (membranes and lipoproteins) are LOXs substrates 20722

1.1.3 Structure

N-terminal
domain

| \ ]
Inter-domain —N }
contact plane
J Fe-coordination spherelg

\ J

C-terminal domain (catalytic domain)

Figure 1.3: Representation of a structure of LOX (15-LOX-1). N-terminal domain is
depicted in yellow: it is composed by eight anti-parallel S-strands that form a S-barrel. C-
terminal domain is depicted in blue: it is mainly a helical domain, formed by 18 a-helices.
Dashed line represents the interdomain contact plane. Box on the right shows a detail of
the iron-coordination sphere.

Lipoxygenases display a single polipeptide chain that folds into two
differentiated domains: a small N-terminal domain, and a large C-terminal
domain which contains the active site of the protein. The N-terminal do-
main of all LOX isoforms consists of a S-barrel composed by 8 anti-parallel
B-strands, and known as PLAT (Polycistinl Lipoxygenase Alpha Toxin) do-
main. This domain was initially named as Ca-like domain (Coactosin-like
protein) due to its resemblance to the calcium dependent membrane binding
domain of phospholipases. Its function is conferring LOXs membrane bind-
ing capacity, especially in the case of 5-LOX 2324 Although there is a high
degree of structural conservation in PLAT domain among LOXs, its sequence
displays significantly less conservation than the catalytic domain.

The C-terminal domain is the largest domain, comprising about 80%
of the total structure, and contains the substrate binding pocket and the
catalytic non-heme iron. It is composed by around 20 a-helices that are
interrupted once by a small subdomain of S-strands. The catalytic domain
nucleus presents two long central helices, in which one of them adopts a
m-helix conformation in part of its sequence. Four w-helical sections contain
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four of the five iron ligands. The two differentiated domains are separated
by a loop region, and they keep contact by an interdomain plane.

This common core is found among all LOXs isoforms, but there
are small differences, especially in the catalytic domain, that confers each
isoforms its unique catalytic properties. Comparison among structures of
rabbit 15-LOX-1, human 5-LOX, and coral 8R-LOX is given in detail below.

Figure 1.4: Representation of the complete structures of several lipoxygenases available
in Protein Data Bank: a) Rabbit 15-LOX-1, subunit A, b) Rabbit 15-LOX-1, subunit
B, ¢) Human 5-LOX, subunit A, d) Coral 8R-LOX, subunit A. e) A clear differentiative
feature among the isoforms is found in a-2 helices structures: in 15-LOX-1 subunit A and
8R-LOX this is a long helix that covers the active site; in the case of 15-LOX-1 subunit
B, crystallized with an inhibitor, there is a shortening and a 30° displacement of the helix;
finally, in 5-LLOX this helix is composed by two short helical segments and one turn of 90°
between them.

1.1.3.1 15-Lipoxygense-1

Reticulocyte-type 15-LOX-1 has been one of the most studied mammalian
LOXs during the past years. The crystallographic X-ray structure of the
human 15-LOX-1 (15-hLOX-1) has still to be reported, but the corresponding
X-ray structure of the analogous rabbit 15-LOX-1 was the first one to be
resolved for a mammalian LOXZ527 hyman shares about 80% of sequence
identitiy with rabbit.

Its catalytic domain is compound by 18 a-helices. The iron-coordina-
tion sphere contains four histidine residues (His361, His366, His541 and
His545) and the carboxylate end of the terminal Ile663 residue. N-terminal
domain contacts with this C-terminal domain by a contact plane of 1600
A?28 The most recent crystal structure of 15-LOX-1 (PDB ID 2POM)27
was solved in the presence of an inhibitor, RS7, and has been crystalized as
a dimer in which only one of the subunits contains the inhibitor molecule
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(subunit B) whereas subunit A is a substrate-free form. The presence of this
inhibitor, which is classified as a competitive inhibitor due to its resemblance
to AA, induces conformational changes mainly in a-2 helix, that is displaced
30° with respect to the position in the inhibitor-free monomer, and smaller
changes in «-18 helix (Figure shows a comparison of the monomers and a
detail of a-2 helices). The structure of the AA:15-LOX-1 Michaelis complex
was previously determined in our group starting from the inhibitor-bound
subunit,?® and has been used as starting point for the work developed in this
Thesis.

1.1.3.2 5-Lipoxygenase

The first X-ray structure solved of human 5-LOX does not correspond to
the wild-type (WT) human 5-LOX, as it presents intrinsic instability what
complicates the crystallization process. Thus, the so called human Stable-5-
LOX (PDB code 308Y)4) form of the enzyme that consists of a stabilized
and soluble mutant of human 5-LOX has been solved. This specie lacks the
putative membrane insertion residues so that the structure is solubilized,
and also contains the triple mutation K653E-K654N-K655L, based on the
sequence of coral 8R-LLOX, that confers stability, but retains all the reac-
tive features of the wild-type. Starting from this structure additional crystal
structures have been solved based on an additional mutation that could lead
to a phosphorylated mimic Ser663Asp (pdb codes 3V98 and 3V99) or the
non-phosphorylated one Ser663Ala (pdb code 3V92). Among those struc-
tures, 3V99 consists of a ligand-bound form, in which one of the subunits
contains the AA substrate (AA:Stable-5-LOX-Ser663Asp) .=

The structure of 5-LOX presents some differences from the general
scheme of LOXs structure. In the catalytic domain of human 5-LOX it is
found an arched helix (which contains Lys414), that has been proposed to
control the oxygen molecule access. There is also a clear difference in the
folding of a-2 helix (Figure . The classical folding reported for 15-LOX-1
(ligand-free form) consists of a six to seven turns long helix that defines one
edge of the active site. In the case of 5-LOX the region where a-2 should
be placed is composed by two short perpendicular helical segments of three
turns that are separated by a loop region. This unique -2 arrangement
causes a very different active site cavity structure in human 5-LOX. The
rest of the secondary structure elements are preserved. The structure of the
Fe-coordination sphere also differs from 15-LLOX-1: there are three conserved
Histidines (His367, His372, and Hisb50), and the carboxylate end of terminal
[1e673, but the fourth ligand is an Asparagine (Asn554).

There are also differences between the 5LOXs substrate-free and
substrate-bound forms. While all the substrate free structures (with and
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a)

Figure 1.5: Representation of the structures of Stable-5-LOX (yellow) and the monomer
A of Stable-5-LOX-S663D mutant (cyan), which contains the AA substrate. In a) a com-
plete view of the superposition of both structures is shown; b) shows a more detailed top
view of a-2 helices.

without the S663D mutation) are highly similar, the comparison with the
substrate bound form shows an enzyme with substantial plasticity (Fig-
ur. Between the unbound and bound system the enzyme has suffered
a major conformational change, mainly in the region of a-2 helix (its end
part) and the arched helix. In addition, a displacement of the 18 helix is
observed, and other regions (some affecting a-2 helix) are disordered in the
holoenzyme crystal structure but not in the apoenzyme one. However, the
structure of the holoenzyme form is poorly solved, as it lacks some regions,
has low resolution, and the coordinates of the substrate are not clear as the
same authors warn. Therefore, the final structure of the substrate-bound
form maybe differs from this X-ray structure.

1.1.3.3 8R-Lipoxygenase

LOXs from coral are larger than mammalian LOXs3 The catalytic domain
of coral 8 R-LOX shares the common scheme. Helix a-2 is a long helix of
seven to eight turns, with a similar arrangement to 15-LOX-1 substrate-
free (Figure . There is an arched helix that is kinked by two conserved
amino-acids insertion in one helical turn, and lines the substrate binding
site. The catalytic iron is coordinated to three Histidine residues (His384,
His389 and His570), an Asparagine (Asn574) and the terminal 11e693. For
this system there has been also solved a substrate free form (PDB ID 4QWE)
and a substrate-bound form (PDB ID 4QWT), both of them crystalized as
tetramers. In the case of structure 4QW'T, only one of the monomers contains
the substrate. When the two structures are compared there are not apparent
differences, suggesting that the substrate entry in 8 R-LOX does not induce

major conformational changes3?
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1.2 Catalytic properties

1.2.1 Reaction mechanism

The oxidation process of fatty acids performed by LOXs generally consists
in three elementary steps: i) hydrogen abstraction , ii) oxygen insertion and
iii) reduction of the peroxyl radical (Figure . The first step consists of
a hydrogen abstraction from one bisallylic methylene of the fatty acid sub-
strate by the enzyme Fe(IIT)-OH" cofactor to produce a pentadienyl radical
and Fe(II)-OHgy cofactor. This step has been proposed as the rate-limiting
step, because a huge kinetic isotopic effect (KIE) was obtained for Soybean
Lipoxygenase-1 (SLO-1) and attributed to a significant contribution of quan-
tum tunneling®¥ In fact, SLO-1 has been reported as the biological system
with the largest KIE. On the other hand, in SLO-1 it has been elucidated that
the hydrogen abstraction process actually corresponds to a Proton Coupled
Electron Transfer process (PCET) /P42 being Fe(III) the electron acceptor
and the hydroxyl group the proton acceptor.

O,

Step II

Oxygen Insertion

Fe(Il)—OH, Fe(Il)—OH, 00

————— ———— —
\ ’
“\./
\ ’
Y~ |

H H

.,
‘s,
7,
7

Step I Step III
Hydrogen abstraction Radical reduction

OOH
_>/_ Fe(lll)—OH- — J \
%,
H  H
H

Figure 1.6: General steps of the reaction mechanism of lipoxygenases.

The first step also determines the regiospecificity of the global hy-
droperoxidation process, as it highly depends on which is the particular pen-
tadiene group of the fatty acid that will transfer a hydrogen atom. There
are three bisallylic methylene groups in AA in positions 7, 10 and 13, each
containing two CAASH bonds. These methylene groups consists of sp3 car-
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bon atoms with two hydrogen atoms that could be abstracted. Then, there
exists 12 possible oxidation products from AA (Figure . In an aqueous
phase reaction all these possible hydroperoxidation products will be obtain
in equal proportions, but in a LOX enzymatic system, only (or mostly) one
of this products will be obtained. The structure of LA is more simple, as
it only contains one bisallylic methylene group in position 11 (Figure .
Then there are only two possible hydrogen atoms that can be transferred
(pro-S and pro-R hydrogens in Cj;) and four oxidation positions (S and
R at positions 9 and 13). It is assumed that the nearness of the bisallylic
methylene carbon atoms to the Fe(III)-OH™ moiety highly determines the
hydrogen atom to be abstracted. For a given fatty acid that closeness would
greatly depend on the depth and width of the substrate binding pocket and
the head/tail (carboxyl end or methyl end first, respectively) orientation of
the incoming fatty acid. This way, each LOX isoenzyme would abstract a
hydrogen atom from essentially a unique position.

The second reaction step consists of the attack of molecular oxygen
over the pentadienyl radical yielding a peroxyl radical. Both processes (hy-
drogen abstraction and oxygen insertion) occur by opposite sides of the pen-
tadienyl plane 2937 and it is generally accepted that the process is produced
with antarafacial stereochemistry. However, to speak in terms of antarafacial
or suprafacial, both hydrogen abstraction and oxygen insertion steps should
be coupled, and molecular basis of such coupling have not been explored. For
simplicity, the term antarafacial will be employed as a synonym of “opposite
sides of the pentadienyl plane” in this Thesis (Figure .

Fe3

Figure 1.7: Hydrogen abstraction and oxygen insertion processes take place by opposite
sides of the pentadienyl plane.

The third and last reaction step consists of the reduction of the
peroxyl radical to yield the final hydroperoxy fatty acid and the regener-
ation of the Fe(III)-OH™ cofactor of the enzyme. In this step a hydrogen
atom needs to be transferred to the -OO- group of the peroxyl substrate,
and it is assumed that this atom proceeds from the Fe(II)-OHy cofactor,
as the Fe(III)-OH™ needs to be restored. In order to produce this hydro-
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gen transfer, the peroxyl radical needs to evolve from an initial antarafacial
configuration to a suprafacial arrangement to approach the -OO- moiety to
the enzyme cofactor. When the starting substrate is AA, the final prod-
uct is n-H(p)ETE (hydro(per)oxyeicosatetraenoic acid), where n refers to
the position of the hydroperoxy moiety. For LA, the product is n-H(p)ODE
(hydro(per)oxyoctadecaenoic acid).

1.2.2 Kinetics

LOXs kinetics properties have been widely experimentally studied. The mea-
sured values of the kinetic parameters (K, kcat and keat /K ) and KIE,
strongly depend on the assay conditions (pH, temperature, and concentra-
tion of other substances in the medium) but a summary of the comparison
of these values among the different LOXs isoforms is given here in order
to provide a better understanding of the differences in reaction and kinetic
parameters.

15-LOX-1 presents keae and Ky values of 9.9340.28 s and 3.740.3
puM for Hiz abstraction from AAP® In human 15-LOX-1 H/D KIEs for
hydrogen abstraction from Cis3 and Cjp have been experimentally deter-
mined by Holman and coworkers” Both results turn out to be comparable
(Dkzcat =11.6+0.2 s! for Hi3 abstraction and Pkea = 8.5 £ 4.0 s7! for Hyg
abstraction), as well as the corresponding Dot /Ky values, which led the
authors to suggest that these two hydrogen abstraction processes starting
from different positions (C13 and Cyg) follow a comparable mechanism, with
probably very similar transition state structures. The same authors estab-
lish that this assumption is quite unexpected, as it implicates that a highly
regiospecific enzyme accommodates two spatially separated carbon atoms
centers in a similar way. Interestingly, there is an inversion of the regiospeci-
ficity in the reaction of human 15-LOX-1 with AA when the Ci3 position is
dideuterated, being the predominant product the one derived from hydrogen
abstraction from Cyg, with a Cy3:Cqg ratio of 25:75 2 whereas this C13:C1g
ratio is 89:11%% in the protic enzyme.

Although AA is the most important substrate for mammalian LOXs,
steady-state kinetic experiments show that 15-LOX-1 metabolizes LA better
than AA, when comparted with 15-LOX-2 for which LA is a worse sub-
strate. For instance, the values of the ratios (kcat/KM)AA/(kcat/KM)LA and
Eeat ™ /keat™ for human 15-LOX-1 are of 0.80 + 0.1 and 0.68 & 0.09 respec-
tively, whereas for human 15-LOX-2 turn out to be 8.0 & 1.0 and 5.3 + 0.5,
respectively??

Kinetic parameters for human 5-LOX have also been provided2?
WT human 5-LOX is an unstable system for which high flexibility and short
half-life have been described. The Stable-5-LOX version somehow overcomes
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that problem, but still is less stable that other isoforms. Ky and kcat for
WT-5LOX and Stable-5-LOX have been reported to be similar, with values
of 11 £ 0.02 pM and 0.30 £ 0.02 s! for WT-5LOX and 42 4+ 11 pM and
0.43 + 0.06 s for Stable-5-LOX, respectively. This is a low rate constant
when compared with other LOX isoforms, which could be attributed to its
higher flexibility and lower half-life and stability. Conversely, coral 8 R-LLOX
exhibits a high rate constant, with kcat, K, and keat /Ky values of 210 +23
s1,304+7 uM and 6.9 + 1.7 s ML, respectively?2

1.2.3 Factors determining lipoxygenases reaction specificity

The LOX-catalyzed hydroperoxidation process starts with the positioning
of the fatty acid substrate inside the active site cavity of the enzyme. The
substrate binding-mode is an important factor that is probably related with
the product reaction specificity, and that depends on the configuration of
the active site cavity. In this respect, it is widely assumed that the prox-
imity of the methylene group of the fatty acid substrate that transfers a
hydrogen atom to the Fe(III)-OH™ cofactor in the first reaction step is the
key feature that determines the regiospecificity of the global hydroperoxida-
tion process ™3 Thus, in principle, the specific configuration of the cavity
and the nature of the substrate (flexibility) would allow that only one (or
mostly one) bisallylic methylene unit could be close enough to the catalytic
iron. Arachidonic acid, the main substrate in mammalian LOXs, contains
three possible pentadiene units that can be reactive for a LOX, at positions
7, 10 and 13. This substrate possesses very high conformational flexibility,
with more than 107 low energy conformations,* what makes challenging the
search of bioactive conformations.

As indicated in Section 1.2.1, after hydrogen abstraction an oxygen
molecule is added into the pentadienyl radical moiety. Oxygen can be in-
serted in two possible positions of the pentadienyl group, the n + 2 and the
n — 2 positions, where n refers to the atom carbon number from which a
hydrogen atom has been abstracted. In the case of 15-LOX-1, hydrogen ab-
straction is mostly produced from Ci3, but also small amounts of the product
that comes from abstraction from Cig are obtained. As it presents this dual
regiospecificity, 15-LOX-1 is sometimes referred as 15/12-LOX. In rabbit 15-
LOX-1 it has been determined that pro-S hydrogen abstraction from AA is
produced with a product ratio of 97:3 (Hy3/H1),%Y and in the case of human
15-LOX-1 the ratio is 89:1142 When hydrogen abstraction takes place from
Ci3, oxygen is added in the n + 2 position, giving the oxidation product
in position 15. Oxidation in the n — 2 position is less important, being the
C15:Cq1 product ratio of 85:4%8 and 85:149 for human and rabbit 15-LOX-
1, respectively. Minor hydrogen abstraction from position Hyg only leads to
12-HETE product formation, the corresponding n + 2 oxidation product 38
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For wild-type human 5-LOX, hydrogen abstraction takes place es-
sentially from C7 in AA, with > 98% of 5-HETE formed (and sharing < 2%
of 8-HETE oxidation product which arises from Cjp hydrogen abstraction),
being the S/R ratio > 9:148 In coral 8R-LOX hydrogen abstraction is pro-
duced uniquely from Hjg, being the oxidation pattern product formation
Cg:Cq9 of 97.9:2.1, and the R:S ratio of 99:1 in the case of 8-HETE oxida-
tion product =2

The general structure of the LOXs binding site cavity is a tubular
hydrophobic pocket solvent-accessible from the protein surface. The shape of
this cavity varies for the different isoforms; it is assumed that for most LOX
isoforms this cavity presents a U-shape, which is the case of 8R-LOX 3132
but a different shape is found in the case of rabbit 15-LOX-1 (boot shape) 2"
and in the case of human 5-LOX the cavity shape is more complex.2?

The proximity of the bisallylic methylene group to the catalytic iron
may greatly depend on the substrate binding cavity depth and width, and
also on the orientation of the incoming substrate. Two possible orientations
of the substrate are plausible: If the carboxylate end of AA enters first into
the pocket, the resulting orientation is denominated head-first orientation,
while when is the fatty acid methyl end who enters first into the cavity, the
corresponding orientation is called tail-first orientation. In this sense, two
possible hypothesis have been proposed to explain the substrate positioning;:

1. The orientation hypothesis:* it is accepted that for a 15-LOX (15-
LOX-1 or 15-LOX-2) AA enters the active site with a tail-first type
orientation. This configuration allows Ci3 methylene group to be in a
good arrangement with respect the catalytic iron to produce reactive
structures in this position. Contrarily, if AA would access in the op-
posite orientation, head first, the C; methylene group would be the
one to be close enough to the Fe(IITI)-OH™ cofactor. This could explain
then the regioespecificity of 5-LOX.

2. The spatial hypothesis:2%#8 given an orientation (tail-first or head-first)
of AA inside the LOX active site, it has been proposed that the vol-
ume of the substrate binding pocket is the factor tat determines LOX
positional specificity. According to this spatial hypothesis then LOX
regiospecificity depends on how deep the substrate slides into the bind-
ing pocket that, in turn, depends on the active site volume.

The orientation of the substrate inside the cavity is still a mat-
ter of discussion for many LOXs, although it is assumed that AA enters
in its tail-first orientation in most isoforms: that would be the case of 15-
LOXs, as indicated above, and 8 R-LLOX, for which a crystal structure of the
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Figure 1.8: Schematic view of AA positioning of inside the active site cavity. For sim-
plicity, the cavity has been represented as a straight tunnel. In a) and c) arachidonic acid
enters the cavity with opposite orientations (tail first in a) and head first in c)) allowing
different methylenes to be close to the Fe-OH™ moiety (Ci3 in a) and C7 in b)). In b)
and d) the orientation of the incoming substrate is conserved but the structure of the
cavity differs: in b) there are bulky residues at the bottom of the cavity which avoid the
substrate to slide deeper, being Ci3 the closest methylene to the Fe-OH™ cofactor; in d)
the cavity is shallower and the substrate can get deeper, allowing methylene Cio to be
closer to the catalytic iron. This scheme could not be applied to 8 R-LOX, in which the
cavity is a U-shape structure perpendicular to the 5-LOX and 15-LOX cavities.

AA:enzyme complex is available 34 Tail-first orientation would allow the en-
zyme to act over both free and esterified fatty acids, as the esterified moiety
is quite bulky to penetrate into the binding pocket. Also, head-first orienta-
tion would involve burying a negative charge, the carboxylate group, into a
hydrophobic environment %48 In the case of plant LOXs there is a positive
Arginine residue at the bottom of the cavity that could favor this head-first
orientation. In contrast, in rabbit 15-LOX-1 there is an Arginine (Arg403)
but placed over the entry of the active site cavity that could interact with the
fatty acid carboxylate end so favoring a tail-first orientation.’® In the case of
coral 8R-LOX there is also an Arginine in a similar position (Argl82) that
also would permit this orientation 4 Despite all that, it is possible that a
different mechanism, or even both, may be used by an specific LOX isoform
to achieve the desired reaction specificity. Published data suggest that for a
given isoform, there could be an equilibrium between both orientations, but
this steady state could be affected by substrate characteristics or reaction
conditions 37

The spatial hypothesis has been extensively investigated for 12/15-
LOX. In rabbit 15-LOX-1 it has been proposed that a collection of three
residues placed at the bottom of the binding cavity (triad concept) is cru-
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cial in determining its reaction specificity®¥ This active site cavity bottom
is aligned by Phe353, Ile418 and Ile419 in rabbit 15-LOX1. Alterations in
the geometry of these residues side-chains lead to a subtle modification in
the binding pocket volume, and therefore in the positioning of fatty acid
substrates. If these strategic positions are occupied by smaller residues the
substrate can slide deeper into the active site, allowing methylene Cig to
occupy the equivalent position of Ci3 in the wild-type system.

For human 5-LOX the positioning of AA inside its active site is un-
der lively debate. In fact, explaining how AA binds to human 5-LOX is even
more challenging than for other LOX isoforms due to the unique configura-
tion of its binding cavity. Not only the orientation, but also the substrate
entry, are facts that are not still clear. In 5-LOX the active site cavity is
not a simple channel as in other LOXs, and based on the crystallographic
structures available two different ways for the substrate entering have been
suggested: i) accessing from the residues Phel77 and Tyr181 (the so-called
“FY-cork”), or, ii) accessing from Trp147, placed over the opposite end of this
FY-cork?? Mutagenesis experiments transforming one of these residues into
a smaller Alanine residue show an increase of the 5-HETE product forma-
tion, but when both residues together are mutated to Ala the concentration
of this product slightly decreases with respect to the Stable-5LLOX. The au-
thors suggest that Phel77 may play a role in the placement of the -2 helix,
that lines the active site cavity.4”

Regarding substrate positioning, there are some experimental ev-
idences that could support the spatial hypothesis and a tail-first orienta-
tion in human 5-LOX: similarly to previous experiments in 15-LOX-1, Kiihn
and coworkers have generated site directed-mutant variants of the residues
at the bottom of the cavity of human, murine and zebra-fish 5-LOX that
transform small residues to bulkier ones and thus decrease the cavity vol-
ume LB%BL Iy particular, in these experiments several combinations of mu-
tations of residues F359, A424 and N425 to W359, 1424 and M425 were
carried out. Those mutations progressively transform a 5-lipoxygenating en-
zyme into a 15-lipoxygenating one. The explanation given is that reducing
the volume cavity those mutants manage to hinder AA in a tail-first orien-
tation for getting deeper into the active site so Cy3, and not Cy, is closer to
the cofactor.

Conversely, Newcomer and coworkers propose a head-first entry ac-
cording to the orientation hypothesis2%#% There exist some polar/positive
resi-dues at the bottom of the cavity of human 5-LOX (His600, Asn425),
that could be implicated in the interaction with the fatty acid carboxylate
end. A head-first orientation has also been proposed for murine 8S5-LOX 52
Mutagenesis experiments in murine 85-LOX suggest that a Histidine residue
at the bottom of the active site (His602, which is the counterpart of His600
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in human 5-LOX), interacts with the substrate carboxylate end leading to a
head-first orientation. Other arguments that support the head-first orienta-
tion in 5-LOX propose that this orientation would be the only one capable
to produce the 5-HETE product with S-stereochemistry as it is the n — 2
oxidation product, in contraposition with 155-HPETE, the 15-LOX prod-
uct, which is obtained from an AA tail-first orientation and corresponds to
the n 4 2 oxidation product. That is, the n — 2 and n + 2 oxidation products
would present opposite stereochemistry starting from a common orientation

(see Figure :

In the case of coral 8 R-lipoxygenase it is quite clear that hydrogen
abstraction comes essentially from a unique position, pro-S hydrogen in Cig,
which leads to the oxygenation product in position 8 with R-stereospecificty.
In the AA:8R-LOX complex, as mentioned above, Argl82 seems to harbor
the substrate carboxylate end. Mutagenesis experiments altering Argl82 to
an Ala have little impact in product specificity, but a dramatic change in
the kinetic properties of the enzyme. Mutations at the bottom of the cavity,
Alab89lle and Ala620lle, affected the specificity of the enzyme, leading to
the formation of the 11 R-product that arises from Hi3 abstraction 32

Other experiments have tried to explain the stereospecificity of the
hydroperoxidation product, related with the second step of the reaction
mechanism, the addition of the oxygen molecule. For several LOXs of known-
reaction specificity, it has been demonstrated that many S-LOXs contain an
Alanine residue in a critical position, whereas the counterpart R-LOXs con-
tain a Glycine residue in the equivalent position. #1923 Site-directed mutage-
nesis experiments changing Gly by Ala in human 12R-L.LOX lead to a major
oxidation product with S-stereochemistry. The inverse strategy has been ap-
plied to human 155-LOX-2 (Ala416Gly mutation) yielding 11 R-HETE as the
main product. Similar alterations have been observed in other species 162429
In rabbit 15-LOX-1, mutagenesis experiments lead to partial alterations in
reaction specificity. Main product from Ala404Gly mutant is still 15S-HETE;,
but in a lesser proportion (75%) than in the wild type system, and the 11R-
HETE ratio increases, but only in 20%. In coral 8 R-LOX there is a Gly427
in this position, accordingly to its R-stereochemistry. Mutagenesis experi-
ments transforming Gly427 into an Alanine produce almost exclusively the
12-HETE product with 98% of the S-stereoisomer. 10
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1.3 Biological role of lipoxygenases

1.3.1 Metabolites

Mammalian LOXs metabolites consist of lipid mediators of the eicosanoid
cascade. This metabolic pathway starts with membrane-lipids hydrolysis
by phospholipase-As, yielding polyunsaturated fatty acids. Lipoxygenases
transform these fatty acids into the corresponding hydroperoxide derivatives
which, under physiological conditions, are reduced to hydroxides that are pre-
cursors of lipid signaling compounds. Products derived from AA metabolism
include leukotrienes and lipoxins (Figure [1.9).

Membrane
lipids

l Phospholipase-A,
Arachidonic Acid

5-LOX ‘ 8—LOXl ll2—LOX ‘ 15-LOX

5-HPETE 8-HPETE 12-HPETE 15-HPETE
5-LOX l
v v v v

LTA, 5-HETE 8-HETE 12-HETE  15-HETE

LTAAfhydrolasel 8,9-LTA, Hepoxilins l 5-LOX
LTB, LXA,
12/15-LOX ?
=P Reduction

Figure 1.9: Arachidonic acid metabolic pathway in animal LOXs.

Leukotrienes (LT) are a class of signaling compounds promoters of
inflammation. The name “leukotriene” was first introduced by Swedish bio-
chemist Bengt Samuelsson in 197956 and derives from “leukocyte”, as they
were first discovered in these kinds of cells, and “triene”, as they present three
conjugated double bonds. There are two major classes of LTs, non-peptide
leukotrienes (LTA4 and LTB,), and peptide-leukotrienes (LTCy, LTDy4 and
LTEy). In the former class, LTA4 is produced by 5-LOX and consists of
an unstable epoxide intermediate which yields LTB4 by LTAjy4-hydrolase.
Leukotriene-B4 is one of the most potent chemotactic agents known, and
it is though as the most potent pro-inflammatory agent. It induces vascu-
lar permeability, netrophyl adhesion to the vascular wall and chemotaxis,
which are functions involved in the inflammatory response. It also binds
to receptors that stimulate inflammatory cells. Peptide-LTs are cysteinyl
leukotrienes synthesized from LTA4 via LTCy-synthase. These compounds
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constitute spasmogenic agents and are involved in allergic pathologies 25758

Traditionally resolution of inflammation was considered a passive
process which was terminated by the decay of its signals with time, but dur-
ing the past decade it has been found that termination of inflammation is an
active process programmed since the starting of the inflammatory response,
aimed to restore the normal tissue homeostasis. In this process other lipid
mediators participate that are also products of LOXs metabolism. These
compounds include lipoxins, resolvins, protectins, and maresins. Lipoxins
(LXs) are anti-inflammatory and pro-resolving lipid mediators from AA
metabolism. These compounds were first described by Samuelsson and co-
workers in 1984.°? and their name derives from “lipoxigenase interaction
products”, as they found that lipoxin synthesis requires the action of more
than one LOX isoform. Its synthesis has been reported to be transcellular
(Figure , i.e., different types of cells need to interact in order to syn-
thetize this class of compounds/®” The first step of the synthesis is catalyzed
by 5-LOX, which is present in leukocytes, but for the second step a 12/15-
LOX is required, which can be found for example in platelets. The inverse
strategy also leads to the production of lipoxins: when AA is oxidized by a
12/15-LOX 15-HETE is obtained, which is further metabolized into LXA4
by 5-LOX (see Figure . For this reason a promising strategy to fight in-
flammation would be transforming 5-LOX into a 12/15-LOX. Resolvins, ¢
protectins,®? and maresins®® derived from w-3 fatty acid metabolism (DHA
and EPA) and also have protective and resolution functions.

Plant LOXs metabolites include jasmonic acids and green leaf volati-
les. 13 Jasmonic acids, such as (+)-7-isojasmonic acid, are involved in pro-
grammed cellular death at wound sites of the plant, regulation of growth and
development. These compounds are used as natural pesticides because they
stimulate anti-pest defenses of plants without inhibiting growth.% Green leaf
volatiles participate in ecological functions such as plant communication, de-
fense against insects, reactive oxygen species removal, thermo-tolerance and
environmental stress adaptation®® In the case of bacteria, LOXs principal
metabolites are lactones, which have recently focus interest because its ap-
plications in the food industry as natural flavors 101>

1.3.2 Pathological implications

Mammalian lipoxygenases display their biological function mainly via three
mechanisms of action: synthesis of lipid mediators, modification of complex
lipid-protein assemblies and modification of cellular redox state. The first of
these mechanisms is related with the most well-studied role of lipoxygenases,
as lipid mediators are related with inflammatory response and some related
disorders and diseases.
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Figure 1.10: Schematic representation of transcellular synthesis of lipoxins. 5LOX,
present in a leukocyte (left, in blue), initiates the synthesis of 5-HPETE from arachi-
donic acid, which is hydrolized into leukotrierne A4. LTA4 can be further converted into
LTB4 by LTA4-hydrolase into the leukocyte, or either can be transferred to a platelet
(right, in yellow), that contains a 12/15-LOX, which transforms it into the 55,65,155-
epoxytetraene intermediate. This intermediate is further metabolized into lipoxin-A4 and
lipoxin-B4 by LXA4-hydrolase and LXB4-hydrolase, respectively.

LOXs play a role in cardiovascular diseases. The activity of
LOXs, particularly 15-LOX-1, is related with atherosclerosis©%67 This
enzyme participates in the oxidation of LDL (Low Density Lipoproteins).
Oxidized LDL presents pro-atherogenic properties because they trigger im-
mune response and are rapidly phagocytosed by smooth muscle macrophages
that are thus transformed into foam cells. These cells accumulate in the in-
travenous (subendothelial arterial) space producing fatty streaks, that are
early atherosclerotic lesions.15-1LOX-1 is not only capable of oxidizing LLDL,
but also HDL (High Density Lipoproteins), considering this effect also as
pro-atherogenic. The role of 5-LLOX has been also related with atherosclero-
sis, participating in the late stages of the vascular lesion by the synthesis of
LTB4 %8 15-LOX-2 also participates in atherosclerosis, as it has been found
expressed at high levels in late atherosclerotic lesions? LOXs are also im-
plicated in blood pressure regulation. 15-LOX-1 has also been related with
blood pressure regulation and hypertension, as it has been involved in the
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regulation of the vascular tone ™

Many aspects of carcinogenesis such as tumor cell proliferation,
metastasis, differentiation, apoptosis, as well as migration, invasion of car-
cinoma cells and angiogenesis, have been related with LOXs activities ™
Unresolved chronic inflammation is a key process in tumor progression, and
therefore, pro-resolving eicosanoids such as lipoxins are believed to exhibit
anti-cancer activities ™ Several investigations suggest a role of LOXs in col-
orectal ™ breast™ and prostate’ cancer. Arachidonic acid metabolites 5-
HETE and 12-HETE have been identified as pro-carcinogenic agents, as
they induce cell proliferation, cell adhesion, metastasis and angiogenesis 7"
However, LA metabolite 13-HODE has turned out to be anti-carcinogenic,
as it promotes apoptosis.”® Expression of the different isoforms depends on
the tumor. For instance, 5-LOX is expressed in the early stages of colorectal
cancer, whereas 12-1LOX has been identified in the late events such as metas-
tasis and neoangiogenesis. The role of 15-LOX in colorectal cancer is still a
matter of discussion.®®

The activity of 5-LOX has been related with allergic inflammation,
and plays an important role in the control of asthma™ Under asthmatic
conditions activated immune cells produce a mixture of leukotrienes, which
are the components of the slow-reacting substance of anaphylaxis. This mix-
ture is composed mainly by peptide-LTs, which are more effective than his-
tamine as bronchoconstrictors. Other allergic respiratory diseases such as
allergic rhinitis®¥ and bronchial hyperreactivity®! involve the presence of
leukotrienes. LOXs also play a role in some Central Nervous System and
neurodegenerative diseases. Neurons are very sensitive to oxidative-damage,
and LOXs are involved in oxidative-stress pathologies. In Alzheimer’s both 5-
LOX and 15-LOX have been implicated, but their precise roles are not clear;
augmented levels of 12- and 15-HETE in cerebrospinal fluids of Alzheimer
patients reveals a role of these isoforms2283 Metabolic disorders have been
also related with the action of LOXs isoforms: Type 1 and Type 2 diabetes,
obesity and nonalcoholic fatty liver disease >®

1.3.3 Inhibitors

Because the involvement of LOXs in human diseases the design of LOXs
inhibitors has become of major pharmacological interest. According to the
mechanism of inhibition, LOXs inhibitors can be classified into five main cat-
egories: 1) redox active inhibitors, ii) non-redox iron chelators, iii) substrate
competitive inhibitors, iv) suicidal inhibitors and v) allosteric inhibitors.

Redox-active inhibitors include reducing agents that alter the oxida-
tion state of the catalytic iron, turning its active ferric state into inactive fer-
rous state. Into this class there are many lipophilic compounds both natural
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plant-derived (e.g., caffeic acid, flavonoids, coumarins and several polyphe-
nols) and synthetic compounds.#£8% However, redox inhibitors present an
important intrinsic problem as they interfere with other cellular redox reac-
tions (e.g. the formation of methemoglobin®®) and lack of selectivity. In gen-
eral, non-redox inhibitors avoid toxicity associated with redox side-reactions,
and therefore, the search of such class of inhibitors is a matter of interest.

Iron ligand inhibitors include compounds that act as iron-chelators
without altering its oxidation state. This classification comprises hydrox-
amic acids or N-hydroxyurea derivatives, functional groups that are good
iron-chelating agents and also possesses weak reducing properties. Inhibition
is achieved by replacing one of the Fe-coordination sphere ligands (proba-
bly the hydroxyl/water molecule) by the inhibitor molecule itself. Chemical
compounds with hydroxamic acid or N-hydroxyurea functional groups such
as Zileuton,*" (Figure are good iron chelators. Zileuton is a 5-LOX
inhibitor clinically approved as a treatment for asthma; in patients treated
with this drug an improvement of the airway function and reduction of the
inflammation of the respiratory system has been shown. However, Zileuton
is not the first choice as it implicates side effects such as nausea and hep-
atic toxicity. Furthermore, only low therapeutic benefits have been reported
for other inflammatory diseases such as rheumatoid arthritis and allergic
rhinitis. As inhibitor Zileuton also presents disadvantages, as it has low po-
tency and short half-life due to rapid metabolic breakdown. Despite, to date
Zileuton is the only inhibitor that has been made to the clinics.

NH,

HO
\ «
N
CE\H 5
S CHa

Figure 1.11: Chemical structure of Zileuton

A third class of inhibitors include those compounds which does not
interact with the catalytic iron, but possess inhibitory activity as substrate
competitors for protein binding. This class comprises structurally different
molecules. Competitive inhibitors can also be used for crystallizing a LOX
holoenzyme with a substrate mimic, as is the case of rabbit 15-LOX-1 crys-
tallized with RS7/27 Classification of LOXs inhibitors also includes suicidal
inhibitors, which inactivate LOXs by irreversible binding, and allosteric in-
hibitors, that interact with a different site than the active site binding cavity.

The most pharmacological relevant isoform is 5-LOX. The strate-
gies for acting against this system can be direct inhibition of the 5-LOX,
and inhibition of the 5-LOX activating protein (FLAP)® a protein neces-
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sary for 5-LOX activation. Other promising strategy is transforming a 5-
LOX into a 15-LOX system, as it will turn its inflammatory activity into
an anti-inflammatory one by the synthesis of lipoxins2%PY as explained in
the previous section. Since there are six functional LOXs isoforms in humans
the design of an specific inhibitor for a given LOX is a challenge. Thus, the
precise knowledge of the mechanism of interaction between a substrate and
an specific isoform, particularly the knowledge of its regio- and stereospeci-
ficity, is fundamental prior to the design of a proper inhibitor with desirable
properties.
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Chapter 2

Objectives

The goal of the Thesis presented here is to get a deep insight on the reaction
mechanism of lipoxygenases (LOXs), putting a special focus on the subtle
factors that govern their strict reaction specificity, especially in the reaction
of the arachidonic acid substrate, the main substrate of mammalian (and
thus human) LOXs.

The knowledge of the reaction specificity is crucial in the design of
strategies to alter the function of these enzymes, in order to turn their normal
inflammatory activity, involved in many diseases, into an anti-inflammatory
one. A strategy is the use of inhibitors, but the design of such type of com-
pounds requires an exhaustive knowledge of the reactivity and mechanism of
their target receptor. An important characteristic of LOXs is that, starting
from a common substrate (arachidonic acid, which is the central root of the
eicosanoid metabolic pathway) each LOX-isoform would lead to a different
product with different (even opposite) biological functions. How the same
members of the family can produce such different reactions (and thus prod-
ucts) is an active discussion in the literature, and the work presented here is
aimed to shed light to this point from a fundamental basis. A precise knowl-
edge of the factors controlling the reaction specificity with the natural AA
substrate is a necessary step prior to the rational design of specific inhibitors
directed against each specific LOX isoform.

To this aim, three different members of the LOX family, mammalian
15-LOX-1, human 5-LOX, and coral 8 R-LOX, have been the object of the
study in this Thesis. The theoretical treatment of such complex systems
requires the use of a set of different computational methods. In this sense,
homology modeling and docking simulations will be employed to generate
the different binding modes of the AA:LOX complex, and full atomistic MD
simulations will be carried out to generate the different conformations of
the fully solvated AA:LOX Michaelis complex and to analyze their stability.
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Subsequent QM /MM calculations will be performed to study the reaction
mechanism, with a treatment for the QM part at the DFT level to obtain
a reliable description of the evolution of the electronic structure. A special
focus will be given on the first reaction step, the hydrogen abstraction, which
is the rate-limiting step of the whole reaction mechanism, and also determines
the regio- and stereospecificity of the final hydroperoxydation product, as this
depends on which particular hydrogen atom is abstracted. However, also the
second step of the catalytic mechanism, the oxygen addition process, and
how it accounts for the regio- and stereospecificity of the final products will
be considered. Finally, different in silico mutants will also be studied to
analyze the influence of the mutated residues in the reaction specificity.

In brief, the main objective of the theoretical work presented in this
Thesis is to reveal the molecular origin of the regio- and stereospecificity of
lipoxygenases withe the aim to rationalize the in vitro mutagenesis experi-
ments carried out in these systems and also trying to predict the specificity
of new mutants. As mentioned above, this is a first step in our contribution
as theoretical chemists to the rational design of specific LOX inhibitors.
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Chapter 3

Theoretical background

3.1 Preamble

During the last decades computational chemistry has been applied to un-
derstand chemical processes in biological systems. The constant increase in
computer power has led to more accurate and rapid results obtained in sys-
tems of increasing size and complexity. Computational chemistry has become
a powerful tool to understand enzyme catalysis, as it provides detailed molec-
ular insights of the reaction mechanisms, and it can be used to make predic-
tions. This highly-detailed point of view of the molecular basis of chemical
processes that computational methods have shown to give, is not experi-
mentally achievable today. This chapter provides a general overview of the
foundations of the methodology employed through this Thesis. It first fo-
cuses on the expression of the potential energy function at different levels
of theory (MM, QM and hybrid QM/MM), and the methods for calculat-
ing the free energy barriers of a reactive process. Next, Molecular Dynamics
theory to study the evolution of the systems over time while exploring of
the conformational space will be adressed. Finally, modeling techniques of
homology modeling employed for the generation of the protein 3D structure,
and docking simulations to obtain the substrate:protein Michaelis complex
will be explained.

3.2 Molecular Mechanics

Many systems are extremely complex to be treated by quantum mechanics.
Such systems are typically large, containing from thousand to millions of
atoms, and still unaffordable for a complete QM description even with the
computational power available today. In such cases a simpler description of
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the energy function but with some accuracy is required. Molecular mechanics
(MM) uses classical mechanics to describe molecular systems. Each atom is
treated as a classical particle with a determined mass, net charge, and ra-
dius (i.e. van der Waals radius). Thus, electrons and nuclei are not explicitly
considered and chemical events, such as bond breaking and bond forming
cannot be described in this way. The potential energy function constitutes
the so-called force field. The description seems very simple, but the molecu-
lar mechanics energy function (the force field) must describe accurately the
molecular events.

3.2.1 The Force Field energy expression

The classical potential energy function (the force field) has typically an ex-
pression like the following:

By = Y ka(d—do)* + Y ko(0 — 00)* + > ke[l + cos(ng + 9)]
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In this expression there are two types of contributions, bonded and non-
bonded terms. Bonded terms apply to a set of atoms connected trough a
bond (1-2 terms), separated by two bonds (1-3 terms), and by three bonds
(1-4 terms).

Typically, the bond (1-2 term) is treated as a spring with a reference
distance equal to the experimental or calculated bond length, and usually
the harmonic approximation is employed (Hooke’s law) or even a Morse po-
tential. In equation d is the bond length, and dj is the reference distance.
Near the reference distance the harmonic approximation works well, but for
larger distortions of bonds the energy term tends to the infinite, so anhar-
monicity needs to be included.

For the treatment of angle bending (1-3 terms), the deviation of
the current angle 6 from the reference value 8y can be also treated with the
Hooke’s law. The torsional term implies the rotation of dihedral angles (1-
4 terms), and are usually expressed as a cosine series expansion; ¢ is the
dihedral angle, n is the multiplicity (minimum points in the function as ¢
rotates over 360°), and ¢ is the phase factor, which determines where the
dihedral has its minimum value. A force field also accounts for the improper
torsions or out-of-plane bending motions, which tend to restrain a set of
atoms that form a m-system into the same plane.

Non-bonded terms accounts for the interaction among independent
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set of non-connected atoms. These interactions typically depend on an inverse
power of the distance of the atoms involved. Non-bonded terms usually are
electrostatic interactions and van der Waals interactions. In expression |3.1
van der Waals interactions are described by a Lennard-Jones 12-6 potential
where rap is the distance between the interacting atoms, eap is the potential
well depth, and oap is the finite distance where the non-bonded interaction
between the uncharged particles is zero. This type of function is widely used
as the r~12 repulsive contribution can be rapidly calculated by squaring
the 76 attractive contribution. Electrostatic interaction can be modeled by
Coulomb’s law, where ga and ¢p are the partial atomic charges, and gq is
the dielectric constant.

In equation there also appear the terms which constitute the set
of parameters (the force constants kg4, kg, kg, the atom charges, and the van
der Waal radii), which are particular for each force field. The parametriza-
tion of a force field is probably the most difficult task. Parameters need to
reproduce molecular properties in the correct environment, as for a given
atom, the behavior not only depends on the chemical element itself, but also
on the type of chemical bonding (i.e. the parameters for sp? and sp? aliphatic
carbons must be different). A force field important feature that must fulfill
is transferability, which implies that a given set of parameters can be used
to model a series of related molecules instead of defining a new set for every
molecule. This characteristic is very important when the force field is used
to make predictions.

The exact analytical expression depends on the particular force field.
Force fields parameters can be empirical, or derived form previous QM cal-
culations of model molecules, and the functional form of the force field is
always a compromise between accuracy and computational efficiency. Gen-
erally, force fields have internal features well developed for proteins and other
biomolecules, and sometimes the parametrization of ligands is the most tricky
part. The application to proteins is well developed since they are the focus
of most problems. Other biomolecules of interest such as DNA, lipids ans
sugars have specifically-derived set of parameters, implemented in most com-
mon force fields. Force fields widely used for biomolecular applications are
CHARMM,% AMBER® and GROMOS 2 All of them have been demon-
strated to provide similar accuracy and good description of the molecular
properties, and are especially derived for biomolecular polymers.

The CHARMM®® force field has been used for the MM calculations
in this Thesis. Additionally to the general expression of the MM energy
(equation , CHARMM force field also incorporates some non-standard
energy terms. The first one is the so-called Urey-Bradley term, which is
a cross-term that accounts for angle bending interactions using a harmonic
function of the distance between the 1-3 atoms. The other non-standard term
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is the CMAP, which is a cross-term of the protein backbone dihedral angles
(¢ and v)), that improves conformational properties of protein backbones.

3.3 Quantum Mechanics

Quantum Mechanics (QM) treats the electronic structure of atoms explicitly,
therefore is the tool to study chemical properties of a system such as reactiv-
ity. There are mainly two approaches in quantum mechanics, wave-function
based methods, and electronic-density based methods. The former will be
explained briefly, as the work developed here is based on the latter class of
quantum mechanical methods.

3.3.1 Wavefunction methods

The starting point of quantum mechanics consist on solving the time-indepen-
dent and non-relativistic SchrAtidinger equation.

HU = EV (3.2)

The solution of the SchrAtdinger equation for a system of N electrons is
not exact. The first approach to this is the Hartree-Fock (H-F) approxima-
tion, which provides a simple description of electrons occupying orbitals. In
Hartree-Fock approach, the wavefunction is expressed as a Slater determi-
nant, which is the antisymmetric product of spin-orbitals:

N!

U(1,2,..,N) = (N3 S (0P B (D (2N} (33)
g=1

where N is the number of electrons, and x; are the spin-orbitals. ]3q is the
permutation operator, and p, the number of transpositions required to ob-
tain the permutation. This is a first approach, since H-F does not consider
the electron correlation, and is insufficient for describing systems with un-
paired electrons or breaking bonds. The development of post-Hartree-Fock
methods permitted the inclusion of electron correlation. Such methods are
Configuration Interaction, Coupled Cluster, and Perturbation Theory meth-
ods. These type of methods are computationally expensive for systems with
a certain number of atoms.

3.3.2 Density Functional Theory

Density Functional Theory (DFT) is widely used in biomolecular applications
due to its favorable computational effort-accuracy ratio. DFT bases on the
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idea that the energy of an electronic system can be defined in terms of its
electron density, p so that for a IV electron system p(7) represents the electron
density on a point, 7. Thus, the total energy FE is considered as a functional
of the electron density E|p], so that for any p it corresponds a unique E/[p]
value.

The main advantage of DFT methods against wavefunction methods
is that, for a N electron system, the wavefunction depends on 4N coordi-
nates, three spatial and one spin coordinates, (eq.3.3) whereas the electron
density only depends on three coordinates, no matter the number of electrons
of the system. Thus, DFT methods are widely accepted for large complex
systems.

Density Functional Theory is based on two theorems developed by
Hohenberg and Kohn in 19642 The first theorem establishes:

Theorem 3.3.1 (First Hohengerg-Kohn Theorem) Any observable of a non-
degenerate ground electronic state can be calculated, exactly in theory, from
the electron density of the ground state. In other words, any observable can
be written as a functional of the electron density of the ground state.

Therefore a correspondence between the electron density and the total elec-
tronic energy is establish, which is given by:

Elp] = T[p] + WNelp] + Veelp](+Vxn) (3.4)

where T'[p] corresponds to the electronic kinetic energy, Vxe|[p] is the electron-
nucleus interaction potential energy, Vee[p] is the electron-electron interaction
potential energy and Vny is the nucleus-nucleus potential interaction energy
(constant for a given nuclear configuration and can be omitted). Second
Hohenberg-Kohn’s theorem sets that:

Theorem 3.3.2 (Second Hohengerg-Kohn Theorem) The electron density
of a non-degenerate electronic ground state can be calculated, exactly in prin-
ciple, determining the density that minimizes the energy of the ground state.

That is, for a trial density p(7) it is fulfilled:

Eo < Ey[p(7)] (3.5)

However, the exact form of neither T'[p] nor Vie[p] is known. In 1965 Kohn
and Sham?? proposed a method to calculate the kinetic energy from p. This
method is based on a fictional system of N non-interacting electrons de-
scribed by monoelectronic wavefunctions, such that it presents the same
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electron density as an interacting electrons system. Thus, the energy func-
tional is re-defined as:

Bulp] = Tulo] + / on(P)p(F)dF + Jp] + Exelp) (3.6)

where Tg[p] is the non-interacting electron kinetic energy, vy (7) is the external
potential, and J[p] is the Coulomb energy. The main problem of DFT theory
comes from the term Ex.[p], the so-called correlation-exchange energy, for
which the exact expression is unknown. This functional contains the exchange
contribution of the electrons, associated with the interaction of electrons
with the same spin, and the electronic correlation contribution, which is
associated with opposite spin electrons. Different approaches calculate this
term (or the correlation-exchange by particle, ex.) leading to the different
DFT known methods. From less to more accurate, these approximations are:

e Local Density Approximation (LDA): ey functional only depends on
the electronic density. Correlation and exchange contributions are treated
separately.

e Local Spin Density Approzimation (LSDA): used for open-shell sys-
tems, a and (8 spin contributions are treated separately.

o Non-local Corrections or Generalized Gradient Approzimations (GGA):
this approach introduces the electronic density gradients, ﬁp , in the
description of the correlation and exchange effects. Therefore, it not
only takes into account the density in every point, but also the density
variation around each point.

o Meta-GGA Approzimation: besides the terms included in GGA ap-
proximation, meta-GGA also includes the kinetic energy density, 7(7).

On the other hand, by Hybrid Methods the exchange term is calculated as
a suitable combination of exact H-F exchange and the density functional
exchange contributions.

3.4 QM/MM Methods

Quantum Mechanics/Molecular Mechanics (QM/MM) methodology consti-
tutes the state of the art for the study of chemical processes in complex sys-
tems, such as enzyme catalysis.®> QM /MM era begins in 1972 with Warshel
and Karplus paper,”* who introduced the QM /MM concept and presented
a methodology with some of the features that today are essential. The first
application to an enzyme reaction was due to Warshel and Levitt in 197625
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However, this approach did not begin to be widely used until 1990, when
Field, Bash and Karplus described in detail a combination of semiempiri-
cal QM methods with the CHARMM force field and carefully evaluated the
precision and accuracy of the QM/MM treatment in comparison with ab
initio and experimental data”® During the past decade several works have
recorded the development of QM/MM methods. Nowadays the QM /MM
methodology is a valuable tool not only for biomolecular systems,”* but also
for inorganic/organometalic systems, the solid phase, and explicit solvent.

3.4.1 Overview

In a QM/MM treatment, the system (S) is divided into two regions, the
inner region (I) treated quantum-mechanically, and the outer region (Q)
described by a force field. The inner region is referred as the QM region,
and the outer region as the MM region. The system total energy cannot
simply be described as the summation of the subsystem energies as there
exists (strong) QM-MM interactions, therefore, coupling terms need to be
considered. Special cautions are required in the QM-MM boundary region.
During a QM /MM calculation, the QM /MM partition (Figure can either
be fixed or variable.

System: QM /MM

Inner region:
QM

Outer region: MM

Figure 3.1: Partition of the complete system in outer and inner subsystems. Boundary
is represented by a blue thick line.

3.4.2 QM/MM energy expression

QM /MM schemes can be classified according to the total energy expression.
This classification leads to two different approaches, additive and subtractive,
which are the opposite schemes.

A subtractive scheme considers a full MM calculation in the whole
system (i), and QM (ii) and MM (iii) calculations in the inner subsystem,
so the final total QM/MM energy is obtained summing (i) and (ii) and
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subtracting (iii) to avoid multiple counting:
EZham(S) = Bam(S) + Equ(T+ L) — By (T + L) (3.7)

Subscripts indicate the type of calculation, and parenthesis the system in
which is performed. As is expressed, equation is fulfilled for a link-atoms
(L) scheme, in which calculations are carried out in an inner capped system
(I+1L).

This scheme can be thought as a complete MM treatment where a
certain region of space has been cut out to be treated with QM method.
Its main advantage resides in its simplicity, as it does not require coupling
terms and QM and MM standard procedures can be directly applied. It
also corrects link atoms artifacts as long as the MM force terms in which
link atoms are involved reproduce reasonably the QM potential. However, it
presents some disadvantages: MM parameters are required for treating the
inner subsystem as MM, and QM-MM coupling is managed at MM level.
The latter causes problems specially with electrostatic interactions.

The opposite approach are additive schemes, which presents the fol-
lowing energy expression:

B am(S) = Ban(0) + Equi(I+ L) + Equan (T, O) (3.8)

Unlike the subtractive scheme, in an additive scheme the MM calculation is
only performed in the outer subsystem. Moreover, an explicit coupling term
Equm-mMm (I, O) gathers the subsystems interaction terms. Inner caped sub-
system I 4 L is treated at the QM level as in a subtractive scheme. Currently
most schemes use the additive approach.

The exact expression of the QM-MM coupling term leads to a par-
ticular QM/MM method. This term includes the force field interactions
(bonded, electrostatic and van der Waals) among QM and MM atoms:

Equawm(L, 0) = ng\ﬁ“/iMM + E(S(%\Y;MM + ESI?E?MM (3.9)

Coupling term contributions are detailed below.

3.4.2.1 Electrostatic QM-MM interaction

Electrostatic coupling between QM charge density and MM region charge
model can be managed at different complexity levels. This coupling or embed-
ding is characterized by the mutual polarization extent that both subsystems
reciprocally exert. According to this criterion it is classified in mechanical,
electrostatic, and polarized embedding ?%2”

In the mechanical embedding scheme electrostatic QM-MM interac-
tions are treated at the same level as electrostatic MM-MM interactions,
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simply applying the point-charge model of the MM method (normally rigid
point-charges, but dipoles can be used as well) to the QM region. Conceptu-
ally this method is very simple and computationally efficient, but important
disadvantages are inherent to it: QM density is not affected (polarized) by
its electrostatic environment, problems associated with the potential energy
surface when the QM charge distribution changes (as it occurs in a chemical
reaction), or problems in the derivation of proper MM charges.

These difficulties are overcome by an electrostatic or electronic em-
bedding scheme, in which QM calculations are carried out in the presence of
the MM charges, e.g., incorporating these point-charges as monoelectronic
terms in the QM Hamiltonian:

N L q M L 2,0

el - _ 47 __dJxa 3.10

QM-MM ZZII‘@'*RJI—F Z Z\Ra—Rﬂ ( )
i JEO a€l+L JEO

where ¢y are the punctual MM charges located in Ry, @, are the QM nu-
clear charges in R, and r; designate the electrons positions. Indexes i, J,
and « expands to the N electrons, L punctual charges, and M QM nuclei,
respectively.

In an electrostatic embedding scheme the electronic structure of the
inner region can be adapted to the changes produced in its environment
and it is automatically polarized by it. In this case electrostatic QM-MM
interaction is treated at the QM level, ensuring a more advanced and ac-
curate description but requiring a higher computational demand. The QM-
MM boundary requires especial care when point charges are close to the QM
electronic density as it may cause overpolarization. This problem becomes
important when the boundary crosses covalent bonds. The electrostatic em-
bedding scheme is the most used for biomolecular applications.

Polarized embedding schemes include a flexible MM charges model
which is indeed polarized by QM charge distribution. Into this scheme there
are two possible approaches:

e a polarizable charge model in the MM region which is polarized by the
QM electric field but does not act over the QM density

e a self-consistent formulation including the MM polarizable model into
the QM Hamiltonian, allowing mutual polarization.

An accurate description of the electrostatic forces derived from the
QM subsystem is essential for realistic modeling of biomolecular systems.
Computationally speaking, it is difficult to include all the electrostatic con-
tributions; however, simple electrostatic QM /MM cuts cause problems due
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to the long range nature of Coulombic interactions*°%19Y Trustful and effi-
cient treatment of such long-range interactions is well establish in classical
Molecular Dynamics (MD) but only recently has won adepts in the QM /MM
world.

3.4.2.2 Other non-bonded and bonded QM-MM interactions

Coupling QM-MM term also contains van der Waals and bonded contribu-
tions whose treatment is simpler as are managed at pure MM level (eq.
regardless the QM /MM (additive or subtractive) scheme. Other bonded in-
teractions (bond stretching, angle bending, torsion, etc.) can be described
by a standard parameters set as well, which could be also completed with
additional parameters.

3.4.3 The QM-MM boundary
3.4.3.1 General description of boundary schemes

Figure [3.2] shows an schematic representation of a covalent bond cut by the
QM-MM boundary:

Q2 M2 M3

I /
Q2_Q1 L M1—|\I/|2_M3
M3 A\

Q2 M?

Figure 3.2: Representation of the atoms present in the QM-MM boundary (represented
by a blue thick line) treated with a link atoms (red) scheme. Partial charges show a charge-
shift model scheme: original MM charge g is removed from M! and eventually distributed
between M? atoms. Additional charge pairs are placed in the proximity of M? atoms to
restore the original M*-M? dipoles (not shown).

Directly linked QM and MM atoms are designed as Q' and M,
respectively, and constitute the so-called boundary or limit atoms. First MM
layer, that is, the layer directly bound to M! is labeled as M?, second MM
layer, separated from M! by two atoms is labeled as M3, and so on. The
same labeling is applied to the QM atoms, designed by Q.

Simpler solution of defining QM-MM boundary consists obviously
in defining QM and MM subsystems in such a way the boundary does not
cross covalent bonds. However, in most cases cutting covalent bonds by the
QM-MM boundary is unavoidable. Three considerations must be taken into
account in such cases: i) the dangling bond from QM atom Q' must be sat-
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urated as QM region cannot be truncated (i.e. treating the bond as in an
homolitic or heterolitic breakage); ii) for electronic or polarized embedding
overpolarization caused by MM charges over QM density must be prevented,
especially if link atoms are used; iii) bonded MM terms implicating both
subsystem atoms must be chosen in order to avoid double counting of inter-
actions. The general purpose seeks a well balanced description of QM-MM
interactions in subsystems limit. Main boundary schemes are:

o Link atoms scheme, which introduce an additional atomic center L
(normally a hydrogen atom) that does not belong to the real system.
Link atoms are covalently bonded to Q! and saturate its free valence.

e Localized orbitals schemes, which place hybrid orbitals over the bound-
ary keeping some of them frozen. Orbitals saturate QM region replac-
ing the capped bond. Within these methods are included Local Self-
Consistent Field (LSCF), Frozen Orbital method, Generalized Hybrid
Orbital (GHO) and effective fragment potential (EFP).

QM-MM boundary must be placed as distant as possible of the reactive
region, although this increases the computational cost, as it defines the QM
size. On the other hand, QM atoms involved in bond breakage and formation
should be implicated in no bonded coupling scheme. As dihedral terms extend
to more than two inner region bonds (depending on the boundary scheme)
such atoms should be placed at least three bonds from the frontier. The cut
bond should not be polar and not be involved in conjugated interactions. A
good choice are C-C aliphatic bonds, whereas amide partial double bond is
less desirable.

3.4.3.2 Link atoms scheme

By a link atoms scheme”®1'2 the free valence originated in QM /MM bound-
ary is saturated by an additional atom covalently bonded to Q! (see Figure
, which is a hydrogen atom in most cases. QM calculations are then car-
ried out in an electronically saturated system consisting of the sum of the
inner system plus the link atoms, I + L. Q'-M! bond is described at the MM
level. The use of link atoms scheme is widely accepted mainly due to its
simplicity and easy implementation, but there are some problems associated
with the introduction of an additional atomic center: the introduction of ad-
ditional degrees of freedom associated with each link atom, overpolarization
of the QM density in electronic/polarized embedding schemes as link atoms
are spatially close to the MM boundary atoms (typically at 0.5 A), and fi-
nally, link atoms are chemical- and electronically different of the group that
replace.
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Despite these problems link atoms scheme is widely used and sev-
eral type of schemes in this way have been developed ®” Additional degrees of
freedom can be removed by the use of restraints*’3 modeling link atom posi-
tion as a function of Q' and M! positions; link atom L is placed along Q'-M*
bond, and Q!-L is related with Q'-M! by a scaling factor. On the other hand,
overpolarization is always present in some extent when a single point charge
interacts with a polarizable charge distribution, and gets stronger the closer
the QM density point charge and the more flexible density. This problem
is less severe when small basis sets centered on the atoms are employed in
QM calculation. In the context of link atoms scheme different methods are
proposed to reduce overpolarization:

o Removing monoelectronic integrals associated with link atoms.
e Removing MM point charges in the bond region from Hamiltonian.

e Redistribution/displacement of the point charges in the bond region
(Figure . The schemes that preserve charge and often dipole in
the boundary region, which remove the overpolarization caused by
M!, overcome the main deficiencies of those schemes that remove the
charge. One widely used is the charge-shift scheme introduced by Sher-
wood and co-workers 0410

e “Blur" charges close to the QM region replacing them by charge distri-
bution (i.e. Gaussian functions).

L06H109 416 more fundamental from a theo-

Hybrid orbital approaches
retical point of view as they provide a QM level description of the boundaries.
However, they are technically more complex, due at least to orthogonality
limitations required to prevent frozen and active orbital mixture in the SCF
treatment. Moreover, localized orbitals themselves and /or the specific param-
eter set related must be previously determined by calculations on a model
system. These parameters are not transferable in general and may need mod-
ification when changing MM force field, QM method, or basis sets. In general
link atoms scheme is employed in the same extent as localized orbitals. Both
techniques offer reasonable accuracy when they are carefully used.

3.5 Free Energy Calculations

Free energy is the measure of the driving force of a chemical reaction. As
bonds are broken and formed in a chemical process, QM theory is required for
the calculation of free energy barriers. Calculation over the potential energy
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surface provide the internal energy at zero Kelvin, T'= 0K, and Helmholtz
free energy is given by:
A=—-kgThQ (3.11)

where @ is the canonical partition function (NVT ensemble). For NPT en-
semble, Gibbs free energy is obtained. In practice, condensed phase systems
present very similar AA and AG values. The calculation of free energy differ-
ences along a geometric parameter such as the reaction coordinate, £, permits
the computation of free energy barriers for chemical processes. Such type of
calculations require sampling the system over its degrees of freedom but &£
to account for thermal and entropic contributions. In practice, in computer
simulations the probability density P(&) is computed rather than the parti-
tion function, which according to the ergodic hypothesis, are equal assuming
infinite sampling. Then, the Potential of Mean Force (the free energy along
the reaction coordinate), is calculated by:

W (€) = —kgTIn P(€) (3.12)

To compute the PMF, the main problem is that sampling in high energy
regions (e.g. transition state) is poorly done, and to overcome this difficulty
there are two principal methods: Free Energy Perturbation™ and Umbrella
Sampling HLI112

3.5.1 Free Energy Perturbation

Free Energy Perturbation (FEP)*! is a method that relates the free energy
difference between an initial state (reference) and a final state (target). The
term “perturbation” is misleading, since no perturbation theory is applied
here. The original FEP method can be extended to QM/MM calculations
by applying the sampling only in the MM part, while the QM part is kept
frozen M99 This is advantageous from the computational point fo view,
since QM calculations are more demanding. However, there exists the evident
disadvantage that the phase space is restricted to the degrees of freedom of
the MM part as the QM part is fixed. The entropy change of the QM part is
not sampled, but might be estimated from a harmonic approximation. Also,
the density of QM part is estimated by electrostatic potential charges (ESP)
in its interaction with the MM part during the sampling.

A FEP calculation requires a calculation of the potential energy
profile, calculation of the energy of perturbation, AFEpe, and sampling of
AFEpert. Sampling is preformed through MD. QM /MM FEP during a reaction
coordinate is calculated by defining a set of windows along this reaction
coordinate. The free energy difference between two consecutive windows is
calculated. One particular structure from window ¢ is perturbed forward to



42 THEORETICAL BACKGROUND

window ¢ + 1 by:

AEp ! = Equam (Fohn ") — Eaqut/an (Fons ) (3.13)
perturbed unpe;trurbed

The perturbed energy is calculated with the MM positions of the current
window ¢ and the QM positions of the next window ¢ + 1, in a forward
perturbation. In a backward perturbation window ¢ + 1 is perturbed to ¢
with an analogous expression (interchanging i and i + 1 in Equation .

For each perturbation term (forward and backward) between two
consecutive windows a complete sampling is calculated, in order to obtain
the free energy difference between the windows, which is given by:

i—it1 _ i—it1 i—it1
AA™T = AEqG T + AA%QN}/MM (3.14)
where AE&%H is the difference of the QM energies of window ¢ and i + 1.

The change in free energy due to QM /MM interactions and the MM part are
incorporated in the AASIL  term, which is obtained through sampling:

QM/MM
i1 1 i—i
AAC)K/{E{M = 5 ln<eXp(_6AEpg‘t+l)>MM,i (3.15)

Thus, for a window 4 the energy is sampled over the MM part, which moves

according to the forces from the QM part of 7. Then the average is taken
over the MM coordinates, since the QM part is frozen. As mentioned above,
the entropic effects of the QM part can be taken into account by calculating
the harmonic frequencies of the QM atoms and evaluating the difference
AAqm — AEqgu by statistical-thermodynamic methods for the stationary
points. Also, the electrostatic interaction between QM and MM regions is
calculated for a given electron density of the frozen QM part instead of
evaluating the full SCF iterations in each MD step.

3.5.2 Umbrella Sampling

The idea behind the Umbrella Sampling (US) method 12 is to add a bias-
ing potential in order to restrain the system to a given volume of the phase
space. Doing so, permits the simulation to sample high energy regions that
otherwise (with an ordinary simulation) are never sampled. This is specially
important when the simulation is performed over a reaction coordinate in
order to compute the potential energy profile and sample regions near the
transition state, which are hardly sampled due to their higher energy. This
profile is calculated from a series of biased simulations (windows) each one
in a particular value of the reaction coordinate. A probability distribution is
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obtained for each window, and the final profile is compute “unbiasing" the
result.

Eb(r) = BY(r) + wi(€) (3.16)

Typical biasing potential is a harmonic potential which pulls the
simulation on each particular window ¢ to their corresponding reference value
of the reaction coordinate, firef:

wi(6) = £e - &'y (3.17)

The biasing potential w; is added to the energy, and only depends on the
reaction coordinate. A probability distribution is then obtained for each win-
dow, containing the biasing term. The unbiased free energy is obtained once
the distribution is unbiased. And then the profile is computed with one of
the several methods developed to analyze US. Two of these methods will be
explained here.

In practice, for a given reaction coordinate, the potential energy
profile is first constructed, and the different geometries along a reaction co-
ordinate can be considered as the starting point of the US simulations (i.e.
windows). Then a QM /MM MD simulation (in this case QM /MM formalism
is required, as a chemical process takes place), is run in each window, but
with the corresponding biasing potential, that pulls the system to the value
of the reaction coordinate where the window is set. The rest of the system
explores the conformational space allowed by the biasing potential during
the MD simulation (QM/MM MD).

The unbiased probability has to be recovered from the biased one.
This leads to the probability of a particular window, and in the end all the
windows are combined to obtain the free energy profile. There are several
ways of computing the free energy profile. The most extended is the Weight
Histogram Analysis method (WHAM) M Very recently, a new method based
on a Markov model formalism was developed for the same purpose, the so-
called Dynamic Histogram Analysis Method (DHAM )7

3.5.2.1 Weighted Histogram Analysis Method

The weighted histogram analysis method? is based on dividing the reaction
coordinate ¢ into discrete bins (a histogram), in each one of these there is a
relative probability of observing the state of interest.

WHAM computes global probability distribution by a weighted sum
of the individual windows.

windows

PU & = > pOP"©) (3.18)

i
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The weights p; are subject to the condition ), p; = 1, and they are calculated
by minimizing the statistical error on the weights assigned to each particular
window P}". These two conditions give rise to the following expressions.

y Z;}vindows n; (g)
P = - 3.19
(&) = S N expl(Fi — e(€))/ho T] 319
eXp(—FZ‘/kZBT) = /Pu(f) exp[—wi(ﬁ)/kBT]df (320)

where n;(€) is the number of counts in histogram bin associated with &, and
N; is the number of steps sampled in window 4. Since P%(¢) and F; are
unknown, equations [3:19] and [3:20] are solved iteratively to self-consistency,
although the convergence can be slow. F; is the shift introduced in the cal-
culation of the unbiased probability from the biased distributions in US, and
is defined as F; = —kpT In ([—w;(&)/ksT]).

WHAM is a widely-used method to compute the potential of mean
force but it presents some drawbacks, mostly derived from the incorrect
sampling of the windows that can lead to an incorrect free energy barrier,
especially when the sampling does not reach equilibrium. In some simula-
tions complete equilibration within a window may be never achieved. These
disadvantages can be overcome by the use of DHAM method.

3.5.2.2 Dynamic Histogram Analysis Method

Dynamic histogram analysis method* is a procedure for unbiasing the US
simulations based on Markov States theory. Similarly to WHAM, the reaction
coordinate £ is divided into small bins in each biasing window k, which are
considered as the microstates for a Markov State Model treatment. Then
the different trajectories in each window are projected into the bins along
the reaction coordinate. For each simulation k, a transition count matrix
T®) is constructed, in which each element of the matrix, Tj(i]€ ) denotes the
integer number that accounts for the transitions from bin ¢ into bin j in k.
Then the unbiased Markov transition probability matrix between bins Mj;
is constructed using the maximum likelihood approach.

The Markov matrix contains both energetic and dynamic informa-
tion for the motion along the reaction coordinate. Thus, it can be also used
to model the projected dynamics along the reaction coordinate and estimate
barrier-crossing rates in addition to the potential of mean force. The eigen-
vector corresponding to the first eigenvalue (A; = 1) of the transition matrix
M;; lead to the unbiased probability density of each bin, P(¢), and the sec-
ond largest eigenvalue provides the relaxation times at different lag times,
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and the rate constant is calculated as the inverse of the average of these
relaxation times.

DHAM takes into account the dynamics and time sequence, and does
not require the equilibrium is reached in each window, which is advantageous
with respect to WHAM. The local transition probabilities of DHAM are well
converged even when the global equilibrium populations are not fully sam-
pled. DHAM method alleviates the problem of not reaching local equilibrium
in US simulation (which causes errors in WHAM) by explicitly accounting
for the time dependence. At the limit of uncorrelated equilibrium distribu-
tion at long time steps, DHAM yields the equations of WHAM. Therefore,
DHAM can be considered as a generalization of WHAM, in which reaching
equilibrium is no longer necessary.

3.6 Molecular Dynamics

Molecular Dynamics (MD) provides the theory to study the evolution of
molecular systems during time series.MD first appearing dates back to the
late 1950’s, when Alder and Wainwright studied the interaction of hard
spheres to explain liquids behavior 8 It was not until 1977 when the first
simulation of a protein, bovine pancreatic trypsin inhibitor, was carried out
by McCammon, Gelin and Karplus 2 Today the complexity of the systems
that can be simulated by MD is continuously expanded thanks to the evolu-
tion of the computational resources.

The recent development of Graphic Processor Units (GPUs), " has
led to an increase in simulation time of several folds. Modern GPUs con-
tain hundreds of arithmetic units that can be harnessed to give tremendous
acceleration for numerically intensive calculations. In the case of MM MD
typically simulations can handle up to 1,000,000 atoms. 12! Today, MD calcu-
lations reach simulations times of hundreds of nanoseconds, which only few
years ago were considered unaffordable.

3.6.1 Equations of motion

In MD simulations the evolution of a molecular system over the time is
obtained. In classical MD, the movement of the atoms of the system is cal-
culated according to the Newtonian equations of motion:

dE d*7;
——=my—, t=12..N 3.21
d?'_{z m; dt2 ) ? ) ( )

where m; is the mass of atom 4, 7; its position, and E is the potential en-
ergy function (in classic MD is the force field energy expression, see eq. [3.1]),
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depending on the position of all the N atoms of the system. Newton’s equa-
tions (Eq. of a N particle system do not have analytical solution. Then
the equations are solved by numerical methods, which are based on Finite
Difference Methods: time step is discretized during the integration, and the
force is considered constant in each time step; the forces are then determined
in the next step, leading to new positions and velocities. All the algorithms
for integrating the equations of motion are based on truncated Taylor ex-
pansions of the positions and dynamic properties (velocities, accelerations,

).

There are different algorithms to integrate the equations of motion.
The most common algorithm used for integrating Newton’s differential equa-
tions is the Verlet algorithm 122 The next step t + At (where At is the time
step) is computed taking into account the previous step and the current
step, but velocities do not appear explicitly in its expression. Its variant
Velocity-Verlet integrator!?? provides positions, velocities, and accelerations
at the same time without compromising precision. Other variant of Verlet in-
tegrator is the “leap-frog" method 144 It also is advantageous over the Verlet
method as it includes velocities explicitly and does not require the subtrac-
tion of large numbers that would introduce important numeric errors.

The choice of a correct time step is crucial during an MD simulation.
Very short time steps provide more accuracy, but also slow-down the MD
calculations. On the other hand, a too large time step can lead to instabili-
ties in the integrator. NAMD software incorporates a multiple-time-stepping
method that improves integration efficiency by computing slower-varying
forces less frequently than faster-varying ones!2” In a typical MD calcula-
tion some bonds and angles are constrained to satisfy specific values during
the simulation. The most used method is the SHAKE algorithm 120/ that
fixes bond lengths and angles involving hydrogen reducing the number of
high-frequency motions.

3.6.2 NVT and NPT ensembles

MD simulations provide microscopical properties as the phase space of the
system is sampled. The idea of obtaining a macroscopic property from a
simulation is based on the ergodic hypothesis, which establishes that a given
system visits all its accessible states in an infinite simulation, and this is
equivalent to infinite simulations of a finite time. Thus from an MD simu-
lation some macroscopic magnitudes can be derived. This is interesting for
simulating experimental conditions, as typical experiments are performed
at constant pressure and temperature, thus NPT (isothermal-isobaric) or
NVT (canonical) ensembles are employed in MD simulations, especially for
condensed-phase systems as proteins.
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The ensemble distribution of the system (NVT, NPT) has to be
correctly generated by the integrator in use. For this purpose, the system
is coupled to a reservoir, with a coupling either deterministic or stochastic.
Stochastic couplings are easier to implement, and provide dynamic stability
by their friction terms (MD software as NAMD*2? incorporate stochastic cou-
pling). One of this couplings is given by Langevin equation (Eq. , which
generates a Boltzmann distribution for the NVT ensemble, by introducing
additional damping and random forces. Temperature is also controlled by
this method.

m;d; = F(f;) — yU; + R(t) (3.22)

where m; is the particle mass, @; its acceleration, F(7;) is the force, 7; the
position, v the friction coefficient, and R(t) a Gaussian random force. Other
used reservoirs are NosAI-Hoover thermostat?2"128 and Berendsen thermo-
stat and barostat 12?

3.6.3 Boundary conditions

During MD simulations of condensed phase systems the one under study
must be treated as if it was located in a bulk solution. The boundaries of
the actual system must then be able to reproduce such effect. There are to
main approaches, periodic and non-periodic boundary conditions.

3.6.3.1 Periodic Boundary Conditions.

During a simulation under periodic boundary conditions (PBC) the system is
surrounded by identical images in all possible directions, in order to simulate
an infinite environment for the solvated system. The particles experience
forces as they were in a bulky solution. The coordinates of the images are
identical to the system coordinates except by adding or subtracting multiples
of the box sides. When a particle leaves the system it is immediately replaced
by an image particle entering by the opposite site (wrapping). The interaction
of the current system with its surrounding images simulates the interaction
of the system within a bulky medium.

3.6.3.2 Non-periodic boundary conditions

There are some specific cases when it is not necessary to simulate an infinite
environment. That is the case when studying local changes onto a system,
for example, when the interest focuses on an specific change into the active
site of a protein. In those cases the environment is considered as a droplet.
To avoid the inherent problems of working in a vacuum boundary, some
explicit solvent molecules can be added creating a skin of solvent molecules
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Figure 3.3: An illustrative representation of periodic boundary conditions (boxes are
only shown in the plane of the page for clarity). A water molecule is highlighted as a red
sphere. When the molecule leaves the system, it is immediately replaced by a molecule of
an image. The system itself (central box) is highlighted in a darker color.

surrounding the system. This approach avoids dealing with huge numbers of
atoms that are common in PBC.

When the interest is focused only in a specific part of the system, it
can be divided into two differentiated regions: the reaction zone, where the
simulation is fully performed, and the reservoir zone, surrounding the former
region, which is kept frozen during the simulation (or restrained), creating a
shell. This is the stochastic boundary conditions approach.

3.6.3.3 Particle Mesh Ewald.

The electrostatic interactions of a simulation under PBC are normally treated
by Particle Mesh Ewald (PME) method. PME is a fast method to compute
Ewald summation, which describes long-range electrostatic interactions for
a spatially limited system under PBCI30 In such system, this summation
is infinite, as it involves the charge of the NN particles of the system, plus
the infinite number of images; however, for a charge-neutral system is con-
ditionally convergent (the value depends on the order in which its terms are
considered (truncated)). Ewald sum expression is given by:

qiq;
Z Z Z 4#50];,j+ n| (3.23)

|n|021]1
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where n is the position vector of a given point in the cubic lattice (n =
(ngL,nyL,n,L), being L the length of the box and n;, n, and n, integers),
and the prime on the first summation indicates that the series do not include
the interaction ¢ = j for n = 0, that is, in the primary box.

Ewald summation is then a procedure to calculate the electrostatic
interactions in an infinite lattice, which is the case of a system under PBC.
To avoid slow and conditional convergence, the traditional summation is
transformed into two different sums, which are modulated by a parameter,
function, f(r), in order to have one term acting for short-range interaction
(the real space, the actual system) and other term acting over long-range
interaction (the reciprocal space, image boxes).

L flr)  1-f(r)
- = +
r r r
~—~— ——
real reciprocal

(3.24)

The convergence of this summation is extremely slow, and further treat-
ments try to overcome this drawback. One improvement consists on trans-
forming this summation into two series of more rapid convergence. Without
entering into details, this is the foundation of the PME method, which uses
a fast Fourier transform. Traditional Ewald sum scales with N2, but incor-
porating the PME algorithm reduces it to N 1In N. The basic idea is that
PME computes the k-sum for fixed positions on a grid instead of atoms po-
sitions: atomic charges are distributed over the grid, potential and forces are
computed, and finally are transformed back into the atomic positions 131

3.7 Homology Modeling

Protein three-dimensional structure determination by experimental techniqu-
es is not always successful although a huge knowledge of protein sequences
is available. This has led to the development of computational methods to
determine the protein structure by its sequence, which can be divided into
two main groups: ab initio methods'*? and homology modeling.t# The first
method computes the protein structure by its folding prediction from its
physico-chemical properties; this method is not affordable nowadays for most
problems as it requires tremendous computational resources and has thus
only been tested for tiny proteins. The latter is based on the previous knowl-
edge of the 3D structure of one or more proteins related with the protein
of unknown structure, whose sequence is known. The enormous difficulty
of protein folding structure prediction has led homology modeling to be a
widely used choice.

Homology modeling technique is based on two major observations.
First, protein tertiary structure is better conserved than amino acid se-
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quence; 134139 thus, even proteins that have diverged appreciably in sequence
but still share detectable similarity will also share common structural prop-
erties, particularly the overall fold. Second, the structure of a protein is
uniquely determined by its aminoacid sequence 139 thus, knowing this se-
quence the 3D structure can be derived, at least in theory. Nowadays, thanks
to the growth of the protein structures registered in Protein Data Bank, a
precise size limit to the relationship between primary sequence and structure
has been established. As the percentage of identical residues and the num-
ber of aligned residues increase in two aligned sequences, a region for which
homology modeling is suitable can be defined 37

The general procedure of homology modelling can be summarized in
seven steps/ 23 although depending on the particular case, not all the steps
are necessary. For example, if a crystal structure is incomplete, and a different
crystal structure of the same protein is available, the template search step
can be ignored. So, during a standard homology modelling procedure the
following steps are performed: i) template recognitizon and alignment, ii)
alignment correction, iii) backbone generation, iv) loop modeling, v) side
chains modeling, vi) model optimization and vii) model validation.

The generation of the backbone coordinates (atoms C, C,, N, O) is
the simplest part, since normally the template coordinates can be directly
used. Loop modeling can be a tricky step because loop conformations are
difficult to predict due to the nature of the loops (in most cases solvent-
exposed and with contacts in the crystal structure), and there is not a unique
way to carry out loop modeling. There are two main approaches:

o Knowledge-based: consists of searching in PDB for known loops with
endpoints that match the residues between which the loop will be con-
structed. Most modeling programs support this feature %

e FEnergy-based: this approach is an ab initio fold prediction. An energy
function evaluates the quality of the loop. This function is minimized
through Monte Carlo or Molecular Dynamics 153

For short loops (5-8 residues) the predicted structure is reasonable.

Side-chain modeling requires finding the most stable side-chain ori-
entation. Conformations of residues side-chains (rotamers), are similar in
structurally similar proteins: they present a x angle (torsion around C,-Cg)
with a similar value. In similar proteins, rotamers and contacts are conserved.
When two sequences differ, with less than 35% of sequence identity, rotamers
may differ up to 45%13% To facilitate the search, the most probable rotamer
values are collected in rotamer libraries.

Finally the generated structure is minimized normally by MM min-
imizations or simulated annealing. The final structure then is validated by a
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series of checks that measure the quality of the generated coordinates (side-
chain quality, overall 3D structure, etc).

3.8 Docking simulations

Docking is a tool for predicting the binding mode and affinity of two molecules,
the ligand, which is typically a small molecule as a substrate or drug, and the
receptor, typically a large molecule like a protein % Docking procedure can
be rationalized as the search for the precise ligand conformations and orien-
tations, usually referred as “pose", inside the receptor binding site. Docking
methodology acts trough two basic tools, the search algorithm, which ex-
plores the conformations of the ligand inside the receptor, and the scoring
or fitness function, which evaluates the binding affinities of the conformations
generated in order to find the best binding mode.

Figure 3.4: Basic idea of docking procedure.

3.8.1 Search algorithms

The search algorithm is a procedure for exploring the conformational land-
scape of the ligand to find the best poses within the receptor binding site.
A good search algorithm must consider enthalpic and entropic effects, but
in most approaches inclusion of entropy is not straightforward. Search algo-
rithms are classified into systematic, deterministic and stochastic 40

e Systematic algorithms explore all the degrees of freedom of the ligand
(translational, rotational, and vibrational) during the search, generat-
ing all the possible ligand binding combinations 142143

e Stochastic algorithms randomly change all ligands degrees of freedom
at each step. There are several types of stochastic algorithms, among
them Monte Carlo, Evolutionary Algorithms (which will be explained
in detail below), Tabu Search ™% and Swarm Optimization 45

e Deterministic methods generates a solution that depends on the initial
conditions. Methods based on MD simulations are an example 146
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One widely used search procedure are the evolutionary or genetic
algorithms (GA) 147148 included in many docking software codes as GOLD
(Genetic Optimization for Ligand Docking)*4? This procedure mimics bio-
logical evolution by manipulating a collection of data structures called “chro-
mosome", which contains a set of values describing translation, orientation,
and conformation of the ligand, and encode a possible protein-ligand interac-
tion. Randomly, a starting population (the first generation) of chromosomes
is produced, and the GA applies two genetic operators, crossover (a combi-
nation of chromosomes) and mutation (a random perturbation introduced in
the chromosome), resulting in a new set of chromosomes, which will replace
the least-fit members of the forming set, until a final population of optimal
individuals assessed by a predefined fitness function is obtained.

During the search procedure the flexibility of the molecules involved
(ligand and receptor) can be included only in the ligand, for which normally
the maximum flexibility is selected, or both in ligand and receptor (protein).
The inclusion of protein flexibility during the search is a challenge due to
the large number of degrees of freedom. Most strategies consider partial
flexibility of the receptor. Upon ligand binding, the receptor experiences a
conformational change, and it is now widely accepted that proteins exists as

an ensemble of conformational states rather than a unique state 120

Diverse strategies have been developed to deal with the problem of
protein flexibility®!! and they can be classified into five main types: soft
docking, side-chain flexibility, molecular relaxation, ensemble docking, and
collective degrees of freedom.

e Soft docking accounts for conformational changes by softening the re-
pulsive term of the Lennard-Jones potential, thus allowing small over-
laps between protein and ligand atoms. The main advantage of this
method is the speed, but it should be employed only to consider local
motions.

e Side-chain flexibility, as its name indicates, consists of allowing the side
chain of selected residues within the binding site to move by exploring
their torsional degrees of freedom (rotamers). To avoid combinatorial
explosion, the use of pre-defined rotamer libraries that predict discrete
and low energy conformations of side-chain residues is one of the most
used schemes, including several variations.

e By molecular relaxation the ligand-protein complex generated during
the search in a previous rigid approach is minimized by several methods
as energy minimization, Monte Carlo, or Molecular Dynamics.

e Ensemble docking considers the receptor flexibility by docking the lig-
and to an ensemble of protein conformations instead a single confor-
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mation.

e Finally, methods based on collective degrees of freedom consider the
full flexibility of the receptor, the global flexibility, by using collective
variables representing dominant motion modes obtained from the origi-
nal high-dimensional representation of the protein motion. Its principal
disadvantage is that the degrees of freedom are not the native ones.

3.8.2 Scoring functions

Scoring functions evaluate the quality of the different ligand poses generated
in a docking calculation. A good scoring function must be able to distinguish
between the true binding modes and other alternative modes. There are three
main classes of scoring functions: force-field based, empirical, and knowledge-
based.

Force-field based scoring functions'®? are derived from a classical

force field, and have the form of a sum of different energy terms. These scor-
ing functions present the limitation of the absence of solvation and entropic
effects. Knowledge-based scoring functions® collect the data of the inter-
acting atom pairs in known ligand:protein complexes with available tridi-
mensional structure, and these data are converted in numerical values based
on the occurrence of such pairwise interactions. Their main limitation is the
dependence on the number of structures available.

Empirical scoring functions approximate binding energies by the
sum of individual uncorrelated terms that are derived from experimentally
observed binding energies of several ligand:receptor complexes by regression.
The main advantage of these functions is the computational cost, but present
the disadvantage of the requirement of a parametrization process. One ex-
ample is ChemScore function,**# implemented in many docking packages as
GOLD. This function assigns a value to the docking pose taking into ac-
count an estimation of the binding free energy, AGhinding, and two terms
that introduce a clash penalty for close contacts (Pelash), and internal tor-
sion terms against poor internal conformations, P,. Additionally, covalent
and constraint scores can be included.

ChemScore = AGbinding + PclaSh + Cintjjint + (CCOVPCOV + Pconstr) (325)

The change in free energy upon ligand binding is estimated by the following
expression:

ACTYbinding - ACTYO + AGH bond T AG'metal + AGlipo + AC;rot (326)

Each component of equation depends of the magnitude of a particular
contribution to free energy (e.q. hydrogen bonds, lipophilic interactions), and
a scale factor determined by regression.
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The limitations of each individual scoring method can be overcome
by a consensus scoring function,*®® combining different scores to compensate
errors from individual scoring functions. However, the use of such functions
must be done with care, as correlation of the different scoring functions can
lead to error amplification.

3.8.3 Validating docking results

There is not a unique way to determine which solution of the ensemble of
solutions generated by the docking is the best. Sometimes the answer can
be very clear, and one of the solutions is clearly most stable or frequent, but
generally the answer is not straightforward. The myriad of poses generated
by the search algorithm can be classified according to a clustering process,
and most populated clusters generally contain the biologically active binding
mode.

Despite all the considerations that can be taken into account when
finding the binding mode of a molecule onto a protein by docking simula-
tions, one should not stop here, as docking methodology is based on many
approximations, and further studies with the generated complex should be
performed in order to validate that binding mode. This problem (the binding
mode) is very complex and to date, there is not a feasible, universal tool to
address it.
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Chapter 4

15-LOX-1

4.1 Introduction

Reticulocyte-type 15-LOX-1 has been one of the most studied mammalian
lipoxygenases in recent years. The X-ray structure of human 15-LOX-1 has
still to be reported, but the corresponding crystallographic structure for rab-
bit 15-LOX-1 was the first solved for a mammalian LOX 2%27 [t has to be
noted that rabbit 15-LOX-1 has approximately 80% sequence identity with
human 15-LOX-1 126

Most of the products generated by the reaction of human 15-LOX-1
with AA come from the initial hydrogen abstraction from the carbon Ci3
(with, for instance, a C13:Cyg ratio of 10:1%97 or 89:11%%). The same hap-
pens for rabbit 15-LOX-1, with a Cy3:Cyo ratio of 97:34) Interestingly, a
dramatic inversion in the regiospecificity of the reaction of human 15-LOX-1
with AA occurs when the methylene group of AA at position 13 is dideuter-
ated, with the products derived from hydrogen abstraction from Ciy being
now predominant by a ratio Ci3:Cyg of 25:75. In addition, it has been ex-
perimentally determined that the H/D kinetic isotope effects (KIEs) for the
hydrogen abstraction steps from Ci3 and Cjg in human 15-LOX-1 turn out
to be comparable (Pkea = 11.6 2.0 and Pk, = 8.5 & 4.0, respectively).
The corresponding Dt /K values are also comparable for the two carbon
centers. From these results Holman and coworkers>>2? suggested that the
hydrogen abstraction at these two structurally different positions (Cy3 and
Cyo) follows a comparable mechanism with, probably, very similar transition
state structures. This conclusion sounded quite odd and unexpected for the
same authors because a highly regioespecific enzyme like human 15-LOX-1
should be however able to spatially accommodate those two disparate carbon
positions in a similar way.

On the other hand, in a previous work in our group,?8 a study com-
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bining protein-ligand docking, molecular dynamics simulations, and n silico
mutagenesis was performed to investigate the binding modes of AA in the
active site of rabbit 15-LOX-1. In that work, simulations gave similar aver-
age values for the C13/H13-OH-Fe(III) and C;¢/H;0-OH-Fe(III) distances, in
such a way that those carbon atoms are not really in such structurally differ-
ent locations in a great number of configurations of the rabbit 15-LOX-1:AA
Michaelis complex. Even more, the distances corresponding to Cig tend to
be somewhat smaller than the ones in the case of Cy3, and so, not only both
hydrogen abstractions seem to be possible, but hydrogen abstraction from
Ci0 could be guessed as the most favorable, contrarily to the experimental
evidence. Thus, how does human 15-LOX-1 (and rabbit 15-LOX-1) manage
to achieve such an exquisite regioespecificity?

Other important aspect of LOXs is their substrate specificity. The
most common substrate for plant LOXs is LA, whereas animal LOXs pref-
erentially react with AA. For instance, only AA, but not LA, is a substrate
of human 5-LOX and 12-LOX. However, mammalian reticulocyte 15-LOX-1
and epithelial 15-LOX-2 can catalyze both LA and AA oxidations. There
are though discrepancies in the literature about the substrate specificity for
15-LOXs, steady-state kinetic experiments suggest that human 15-LOX-1
metabolizes LA better than AA, whereas human 15-LOX-2 metabolizes LA
very poorly 1% The question that must be answered to understand substrate
specificity in 15-LLOXs is how these enzymes can accommodate and recognize
for catalysis two substrates that are different in length and are also different
in the degree of unsaturations (four double bonds in AA versus two double
bonds in LA).

The aim of this Chapter is to get a deep insight on the mechanism
of the hydrogen abstraction reaction from AA and LA catalyzed by 15-
LOX-1, which can serve as a model of human 15-LOX-1. A special emphasis
has been put on shedding light on the subtle factors that govern the strict
regioespecificity of this first step of the hydroperoxidation of AA in spite of
the fact that, in principle, both the hydrogen abstractions from C;3 and from
C1o would seem to be plausible. To this aim, quantum mechanics/molecular
mechanics (QM/MM) calculations on the entire solvated rabbit 15-LOX-
1:AA complex have been carried out, employing the density functional theory
(DFT) to treat the QM region in order to obtain a reliable enough description
of the evolution of the electronic structure of the system along the reaction
and of the chemical properties depending on it. For simplicity, hereafter
rabbit 15-LOX-1 will be referred only as 15-LOX-1.
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4.2 Methodology

All QM /MM calculations have been performed with the modular program
package ChemShell 2% using TURBOMOLE® for all of the DFT calcula-
tions. The MM calculations were carried out by the DL-POLYY module
in ChemShell, using the CHARMM?2210L102 (for the protein atoms) and
CHARMM27103 164 (for the lipid moiety included in the MM region) force
fields. An electronic embedding scheme? has been adopted in all calcula-
tions, and a hydrogen link atoms scheme has been employed to treat the
QM /MM boundary using the charge shift model. No cutoffs were introduced
for the nonbonding MM and QM /MM interactions. 152
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Figure 4.1: Representation of the QM /MM boundary. QM atoms are depicted in red,
and link atoms are represented by blue wavy lines.

QM/MM optimizations were carried out employing the limited-
memory Broyden-Fletcher-Goldfard-Shanno (L-BFGS) algorithmi®®167 in
the case of energy minimizations, and the microiterative optimizer, com-
bining both the partitioned rational function optimizer (P-RFO)L%19 and
the L-BFGS, was used during the transition state searches. All of these al-
gorithms are implemented in the HDLCopt (Hybrid Delocalized Internal
Coordinate Scheme )™ ChemShell module. We have taken the natural popu-
lation analysis (NPA )+ atomic populations evaluated from the spin density
as implemented in TURBOMOLE. The VMD program*™ has been used to
generate the pictures of molecules presented here.

In all calculations the QM subsystem has been described by the
B3LYP hybrid functional, and the 6-31G(d) Pople basis set’™ has been
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used for all atoms except for Fe, which was described by the LANL2DZ
basis set.X™ The QM /MM partition used in the reaction of AA is shown in
Figure This QM region includes 74 atoms (link atoms not included): 24
atoms of lipid substrate, 11 atoms of each of the 4 His residues in the Fe
coordination sphere (His361, His366, His541, and His545), 3 atoms of the
terminal I1e663 in the coordination sphere, and the Fe(III)-OH™ cofactor,
able to accept the hydrogen from AA. Seven link atoms were used, five along
the bonds Ca-QM atom of the five residues in the Fe coordination sphere and
two bonded to the aliphatic carbons of the lipid substrate (placed between
Cg-C7 and C14-Cy7). In the case of LA, 29 atoms of the lipid substrate were
included within the QM region, with the same atoms for the Fe-coordination
sphere (and same number of link atoms) as AA, making a total of 79 QM
atoms.

QM /MM free energy perturbation calculations (QM/MM-FEP) were
performed with the gmmmfep module of Chem-Shell 1% According to this
methodology, the QM part is frozen at each window of the reaction coordi-
nate, and only the computationally less demanding MM part is sampled in
the FEP calculation. The MM-MD sampling at each window consisted of an
equilibration period of 20 ps followed by FEP sampling for a minimum of 20
ps. Forward and backward profiles were performed to check for convergence.
All the MD simulations were done in a canonical (NVT) ensemble using the
Berendsen thermostat. A time step of 1 fs was used. QM /MM electrostatic
interactions during the MM-MD sampling at each window were calculated
by replacing the frozen QM density by electrostatic potential (ESP) adjusted
charges.

All the structures used in this study have been taken from previous
works developed within the group /221 in which a series of classical molec-
ular dynamics (MD) trajectories under periodic boundary conditions of the
AA:15-LOX-1 and LA:15-LOX-1 Michaelis complexes were performed. Con-
sidering the snapshots of these trajectories, a selection criterion has been
applied to finally choose the reactive structures studied in this work.

4.3 Results

4.3.1 Selection of starting geometries

As mentioned above, a selection criterion has been applied to filter the struc-
tures generated from previously generated long classical MDs trajectories, in
order to select those structures whose geometric characteristics have been
considered adequate to initiate the reactive process. This criterion is based
on the initial distance between the hydrogen atom that would be abstracted,



4.3 RESULTS 61

pro-S His and/or pro-S Hjg (hereafter referred only as Hig and Hyg, respec-
tively), and the oxygen atom of the hydrogen acceptor, i.e., the oxygen of
the Fe(III)-OH™ cofactor. This distance has been established to be < 3.0
A for the reaction to take place. Furthermore, the distance from the corre-
sponding carbon atom, Ci3 or Cig, to that oxygen atom had to be greater
than the distance from Hjs and Hig, respectively, thus ensuring that the
corresponding C-H bond is properly oriented for hydrogen abstraction.

Following application of this selection criterion, a set of structures
was filtered from the rest that do not fulfill the required characteristics. The
selection process has been repeated three times: applying the selection crite-
rion only to Hysz, only to Hyg, or to both at once; therefore, we have studied
three types of structures. It has to be noticed that the number of structures
with Hjg in the proximity of the Fe(III)-OH™ cofactor is significantly larger

that those with Hi3, as was already reported in the previous work of our

group 28

Figure 4.2: Selection of water molecules solvating the active site cavity. The light blue
transparent surface represents a water volume selected choosing all water molecules within
15 A from AA molecule (shown here in sticks model). This solvation model ensures that
the active site cavity is fully solvated, and also avoids the problems associated with large
number of atoms.

The geometries selected in this way have been further manipulated
to deal with the calculation programs. In this sense, as the system was orig-
inally fully solvated into an orthorhombic water box containing near 75000
atoms, all the water molecules outside a 15 A radius volume centered on the
AA molecule have been removed, reducing the size of the system to near
12000 atoms. This has been done in order to reduce the computational cost
of handling a large number of atoms during the QM /MM calculations, but
ensuring that the active site region is completely solvated. Furthermore, all
residues and water molecules included in a 15 A radius sphere centered on
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the Cy1 of the AA molecule, along with the complete AA, were included in
the active region during the optimization processes, allowed to move freely,
while the remaining atoms were kept frozen. The active region comprises
nearly 2000 atoms.

Finally, the geometries of 17 structures obtained according to the fil-
tering process described above were optimized to obtain the reactive minima,
whose main characteristics are shown in Tables [£.1] and [£.2l Those reactive
minima have been used as starting points to build the QM /MM potential
energy profiles for the hydrogen abstractions of Hig (structures I to IX), Hyg
(structures XII to XVII), or both of them (structures X and XI) of the AA
by the oxygen atom of the Fe(III)-OH™ cofactor. It can be seen that the set
of these reactive minima covers a wide region of the configurational space.
For instance, the dispersion of geometries is such that the distance from the
hydrogen atom to be transferred to the acceptor oxygen atom ranges from
2.47 A to 3.78 A for structures I to IX (H;3), and from 2.67 A to 3.16 A for
structures XII to XVII (Hjp).

The QM part used (described above) was the same for all investi-
gated structures (Figure. The remaining atoms comprise the MM part of
the system. Table 3 shows the total number of atoms of each of the structures
in question, indicating the number of active atoms. These numbers differ for
the different structures because the number of selected water molecules may
vary. A complete view of one of the AA:15-LOX-1 Michaelis complexes stud-
ied (in particular corresponds to structure I, see above) is pictured in Figure

4.3.2 Potential Energy Profiles and Reaction Mechanism

This section describes the procedure used for the study of the reactivity
of all structures (I to XVII) and the corresponding results. For the sake of
brevity, we essentially focus on one case corresponding to a suitable structure
for Hy3 abstraction (structure I), one appropriate structure for Hyy abstrac-
tion (structure XII), and a suitable third one for both reactive processes
(structure XI). Figures [4.3[a) and |4.3|b) show the active site of the reactant
geometries of structures I and XII, respectively.

The optimized geometries corresponding to the reactant minima
have been used as the starting point to construct the potential energy profile
along the reaction coordinate. This variable, the reaction coordinate (z), is
defined as the difference between the distances of the breaking bond (Cjs-
Hiz or Cy9-Hyg for Hyz or Hyo abstractions, respectively) and the forming
bond (H;3-O or Hio-O, respectively):

Z = Tbreak — Tform (41)
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Figure 4.3: Representation of two characteristics structures (Structure I, representative of
Hi3 abstraction and structure XII, representative of Hio abstraction) showing the minima
and TSs.

The potential energy profiles have been constructed by a series of optimiza-
tions over the active part of the system in the presence of harmonic restraints
on the z coordinate in the form:

V= g(z — 20)? (4.2)

where k is the force constant, which has been set to a value of 3.0 a.u.
(hartree/Bohr?), and 2z° is the reference value for the reaction coordinate
at each energy minimization calculation, which increase with a step size of
0.1 A. Figure represents the potential energy profile of some selected
structures.

The maximum energy point of each potential energy profile has been
selected for a direct transition state (T'S) search. TS structures have been
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Figure 4.4: Potential energy profiles for the hydrogen abstraction step in selected struc-
tures.

optimized using the microiterative procedure explained in the Methodology
section. A small core containing six atoms has been selected for the explicit
Hessian matrix calculation with the P-RFO algorithm, including the Fe-
OH™ cofactor and the bisallylic methylene involved in the hydrogen transfer
in each case (13 or 10), while the rest of the active part of the system has
been minimized by the L-BFGS procedure.In each case a saddle point type
structure has been optimized, and the frequency calculations show that this
structure has one single imaginary frequency (Table , and the normal
mode corresponds to the investigated reaction. Table shows that the TS
structures present very similar distances between Hj3 and its donor atom
(C13-Hy3), and between Hiz and its acceptor atom (O-Hiz) (1.34 A and
1.33 A, respectively) and therefore, as for the H transfer, they are highly
symmetrical. To reach the transition state the donor and acceptor atoms
need to approach each other roughly 1 A (from 3.64 A to 2.65 A), with
the C13-Hy3-O angle becoming fairly linear (167.2°), and the angle Hy3-O-
H already adopting nearly the value corresponding to the water molecule
finally formed (see Figure c)). In all the studied structures a transition
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state structure was found following this procedure (for Hyg abstraction the
core atoms are Cyg, pro-S Hyg, pro-R Hjg, and the Fe-OH™ cofactor; Figure
represents a TS structure of the Hyg abstraction process.

Table 4.1: Main geometric parameters of reactants and TSs of the structures selected for
His abstraction. Distances are given in A and angles in degrees.

Structure d(ng-OH) d(C13-H13) d(clg-OH) Z(C13-H13-O) Z(H13-O-H)
R TS R TS R TS R TS R TS

I 1.10 134 264 133 3.64 265 149.0 167.2 789 983
IT 111 131 364 136 4.02 265 102.0 166.9 573  99.2
111 1.10 127 296 140 3.80 266 1335 1714 70.2 974
v 1.10 131 327 135 392 265 1187 1739 76.2  99.8
A% 111 132 378 133 4.09 264 982 167.5 50.5 959
VI 110 1.35 247 131 350 2.64 155.6 166.6 87.4  100.4
VII 1.10 134 275 133 372 265 146.6 1658 83.4  99.2
VIII 110 1.31 317 133 391 262 1249 1652 1162 99.6
IX 110 1.30  3.09 136 3.8 263 1262 163.2 113.6 99.7
X 1.09 132 4.02 135 494 266 1429 1726 1199 105.1
XI 110 1.30 383 1.34 424 262 1045 1657 99.5 999

Table 4.2: Main geometric parameters of reactants and TSs of the structures selected for
Hio abstraction. Distances are given in A and angles in degrees.

Structure d(ng—OH) d(CIO'HIO) d(Clo—OH) Z(Clo—Hlo—O) Z(ng—O—H)

R TS R TS R TS R TS R TS
XII 110 1.34 286 133 3.78 267 141.0 1755 780 99.5
XIII .10 134 271 130 376 264 161.7 1748 99.8 101.7
XIvV 1.10 131 3.08 136 394 267 1354 175.0 68.7 974
XV 110 1.34 267 130 3.73 264 161.6 1720 94.0 102.5
XVI 1.10 134 316 133 386 265 1225 171.0 599 974
XVII 110 133 314 130 3.82 263 121.3 1705 345 90.3

I 1.10  1.30 583 139 585 269 8.7 173.8 559 91.0
X .10 1.32 374 137 415 269 1045 1755 68.6 99.7
XI 110 1.28 3.75 1.38 4.08 266 99.7 1746 379 934

For the Hi3 abstraction in structure I, the potential energy barrier
turns out to be 21.6 kcal/mol and the reaction is exoergic by 12.9 kcal/mol
(see Table . In this structure, the reactant is located at z = —1.54 A,
the transition state (TS) at z = 0.01 A | and the product at z = 2.33 A.
The NPA atomic populations evaluated from the spin density (SD), which
indicate the atomic excess of a spin, along the potential energy profile have
been calculated as indicated in the Methodology section. The evolution of
the SDs on Cq1, Cqg, Ci3, C14 and Cy5 of the pentadienyl system, Hq3, and
the Fe atom of the active site, is shown in Figure [£.5h.

The SD on Fe decreases from 4.1 a.u. to 3.7 a.u., as corresponds to
the transition of a Fe(III) sextet configuration, to a Fe(II) quintet configu-
ration. As His is being transferred, a growing SD appears on Cy3, which is
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Table 4.3: Potential energy barriers, AE%Om], reaction energies, AER | and TS imagi-
nary frequencies, rs, of Hiz and Hig abstraction processes. Energies are given in kcal /mol,
and frequencies in cm™'. For potential energy barriers, Eqm,mm) and Eqvm, gy are also
shown (see text below).

Structure Abstraction AE(BMMM AE&Z/IM,QM AE}rotal AE{Eotal 1z

I His 21.5 0.1 21.6 129 1773
11 His 18.2 4.1 22.3 1165 1682
111 His 20.3 0.7 19.6 2102 13124
Y% His 22.5 0.3 22.2 11.8 1648
\Y% His 22.8 1.9 24.7 165 1771
VI His 21.8 -3.2 18.6 -15.0 1885 i
VII His 22.4 1.0 23.4 146 1808 i
VIII His 13.7 5.2 18.9 21.7 1708 i
IX His 17.5 3.1 20.6 151 1627
X His 24.2 6.2 30.4 -10.2 1697 i
X1 His 20.6 1.9 22.5 17.2 1642
X1I Hio 22.4 1.7 24.1 -11.8 1812
X111 Hio 22.0 1.6 23.6 76 1774
X1V Hio 17.4 5.3 22.7 9.5 1639 i
XV Hio 18.6 5.7 24.3 1125 1803 i
XVI Hio 26.0 0.2 25.8 116.0 1848 i
XVII Hio 33.2 -1.8 31.4 9.3 1888
I Hio 32.8 7.8 40.6 88 1528
X Hio 20.2 8.9 29.1 9.1 1681
XI Hio 22.2 8.7 30.9 115 1437

becoming delocalized over Ci3, C1; and Cy5 as the reaction progresses, going
from 0 a.u. to around 0.4 a.u. on each one of these atoms. The latter two,
therefore, will be the hit points of molecular oxygen during the next step of
the hydroperoxidation process.The SDs on Cis and Ci4 go from 0 a.u. to
-0.15 a.u. during the reactive process. The summation of the spin density on
the complete pentadienyl group results in 0.9 a.u., indicating the presence of
one unpaired electron. In turn, the SD on Hi3 remains virtually zero during
the process, suggesting that this atom is rather a proton than a hydrogen
atom bearing its electron. The representation of the SD isosurfaces, as shown
in Figure [4.6] provides a good pictorial view of those changes.

On the other hand, the NPA net charges on the His atom during
the reaction (Figure are positive, and go from nearly 0.3 a.u. to 0.5
a.u., confirming that this atom is in fact a proton. All these analyses of the
evolution of the electronic structure along the transfer show that the hy-
drogen abstraction is actually a Proton Coupled Electron Transfer (PCET)
process 2HL0M78 i which the electron and proton are transferred in a con-
certed way to different acceptors: the proton is transferred to the OH™ group
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(vellow), C15 (magenta), His (cyan) and Fe (black), and (b) NPA charges on Hys, during
Hi3 abstraction on structure I.

oxygen to produce water, while the electron is transferred from the Cy1-Ci5
pentadiene group of AA to the Fe(III) to give Fe (II).

(¢) Product.

(a) Reactant

(b) Transition state.

Figure 4.6: .Representation of SD surfaces. Green surface corresponds to o SD, and pink
surface corresponds to § SD. Only QM atoms are shown. These pictures corresponds to
structure I.

As for the evolution of the electronic structure and the geometry
of the corresponding transition state structure, all the His abstraction pro-
cesses analyzed (for structures I to XI) behave as the one in structure I. Very
interestingly the geometries of all the TS structures around the shifting Hy3
are very similar (see Table , in spite of the existence of a wide disper-
sion of structures corresponding to reactants, as mentioned above. It has to
be emphasized that, within the set of the 11 TS structures, the differences
between the larger and the smaller values of the Ci3-Hy3, O-Hys and C;3-O
distances, and the /Ci3-H13-O and /H;3-O-H angles are as small as 0.08
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A, 0.09 A, 0.04 A, 10.7° and 9.2°, respectively. These values turn out to be
extraordinarily lower than the corresponding values within the set of the 11
structures I to XI, which are 0.02 A, 1.55 A, 1.44 A, 57.4° and 69.4°, respec-
tively. On the other hand, what actually makes a difference among the Hij
abstractions is the height of the potential energy barriers, which range from
18.6 kcal/mol (structure VI) to 30.4 kcal/mol (structure X), and the reac-
tion energies, ranging from -21.7 kcal /mol (structure VIII) to - 10.2 kcal /mol
(structures IIT and X). These results suggest that the differences observed in
the potential energy barriers are primarily due to the differences among the
structures of the reactive minima rather than the transition states ones.

Following the same procedure described above, the analysis of the
Hjg abstraction on structure XII will be now presented. From the geometrical
point of view the scenario is roughly identical to the one for abstraction of Hys
on structure I. The transition state structure (see Table and Figure
has distances between Hjg and its donor atom (Ci9-Hip), and between Hig
and its acceptor atom (O-Hjg) very similar (1.34 A and 1.33 A, respectively),
and to reach the transition state the donor and acceptor atoms need to
approach each other a bit more than 1 A (from 3.78 A to 2.67 A), with
the /C1p-H19-O angle becoming almost linear, with a value of 175.5°, and
the angle /H19-O-H already adopting nearly the value corresponding to the
water molecule finally formed (see Figure [4.3).

The potential energy barrier of Hig abstraction in structure XII is
24.1 kcal/mol (more than 2 kcal/mol higher than for abstraction of Hi3 on
structure I), and the reaction is exoergic by 11.8 kcal/mol. The reactant is
located at z = 1.76 A, the TS at z = 0.01 A, and the product at z = 2.24
A. On the other hand, changing the corresponding atoms, the evolution of
the NPA atomic populations evaluated from the spin density matches the
Hi3 case (Figure . Initially, an o SD appears on Cig, and delocalizes
over Cg, Cqg, and Cq9 as the Hyg transfer progresses. The latter two carbon
atoms will be the hit points of the molecular oxygen in the following step of
the mechanism. The Hjg atom behaves as a proton: its SD remains virtually
zero and its NPA net charge is increasingly positive during the transfer.
Therefore, the Hyy abstraction is also a PCET process, with the electron
being transferred from the Cg-C12 pentadiene group of AA (see Figure .
So, at this point it is clear that both Hi3 and Hyg abstraction processes occur
essentially with the same reaction mechanism.

Analyzing the rest of Hyy abstractions we see that this process is
feasible provided that the initial conditions in the reactive complexes are
appropriate. Again, the initial noticeable dispersion in the configurational
space within the set of the eight structures X to XVII, measured as the
differences between the largest and the smallest values of the C19-H1g, O-Hyg
and C1o-O distances, and the ZCy9-H;p-O and /H;0-O-H angles (0.00 A, 1.08
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Figure 4.7: (a) Spin densities (SDs) on atoms Cg (red), Cy (green), Cio (blue), Ci1
(yellow), Ci2 (magenta), Hip (cyan) and Fe (black), and (b) NPA charges on Hio, during
Hio abstraction on structure XII.

A, 042 A, 62.0° and 65.3°, respectively), is highly reduced within the set of
the eight transition state structures (see Table [4.2)), which geometries around
the jumping Hjo match quite well one another (the corresponding values of
those differences are 0.06 A, 0.08 A, 0.06 A, 5.0° and 12.2°, respectively).
Thus, the important difference among the transition state structures lies on
the height of the potential energy barriers (Table, which range from 22.7
kcal/mol (structure XIV) to 31.4 kcal/mol (structure XVII), an interval of
energies somewhat higher than the one for the Hy3 abstraction.

Likewise, there exists a certain dispersion on the values of reac-
tion energies, ranging from -16 kcal/mol (structure XVI) to -7.6 kcal/mol
(structure XIII), an interval somewhat less exoergic than in the case of the
Hy3 abstractions. In Tables [£.2] and [4.3] we have also included the results
corresponding to the Hyg abstraction in structure I, which, as previously
mentioned, is suitable for an Hi3 abstraction, but not for an Hqy abstraction
because the initial O-Hig and C1p-O distances are as large as 5.83 A and
5.85 A, respectively. Very interestingly, even in this case the transition state
structure converges to exactly the same zone of the configurational space as
the other Hjg abstractions, although, indeed, the potential energy barrier
appears completely out of range (40.6 kcal /mol).

4.3.3 Comparison between H;3 and H;, abstraction processes

At this point, both Hi3 and Hyg abstraction processes can be compared. It is
evident that only those reactive complexes that have a methylene hydrogen
of AA close to the acceptor oxygen atom of the Fe(III)-OH™ cofactor are able
to allow a thermally feasible hydrogen transfer. In the case of 15-LOX-1 only
the reactive complexes with Hy3 or/and Hjo near the acceptor oxygen atom
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are thermally accessible. As a consequence, only the Hi3 or Hyg abstractions
are possible. Our results have shown that, starting from the convenient reac-
tive structures, the reaction mechanisms for both Hy3 and Hyg abstractions
are identical, with transition state structures that involve matching geome-
tries around the shifting hydrogen. So, we have confirmed the suggestion by
Holman and coworkers about the similarity of the mechanisms and transition
states for both abstractions, fact that explains the comparable experimen-
tal Pheat and Pkeay /K values for the two carbon centers in human human
15-LOX-1.

The main difference between the Hi3 and Hjg abstractions lies on
the respective potential energy barriers. Figure [1.8] displays the potential
energy barriers for the 20 hydrogen abstractions studied in this chapter as a
function of the corresponding H-O (H3-O or H;p-O) distance in each reactive
structure.
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Figure 4.8: Potential energy barriers versus initial H-O distance for His and Hig ab-
stractions

Firstly, it can be seen that in some way the barriers tend to increase
as the H-O distance becomes larger, although it is not possible to establish
a precise correlation between the values of the potential energy barriers and
the initial H-O distances. It is clear that, being equivalent TS state struc-
tures, the barrier height depends on the geometry of the reactive structures,
although many additional parameters define it. Note the huge value of 40
kcal /mol for the Hjg abstraction in structure I, which is not suitable for that
abstraction (the O-Hyg distance is 5.83 A), but for the Hy3 abstraction (the
O-Hy3 distance is 2.64 A) The difference in the energy barriers is the reason
why most of the products generated by the reaction of 15-LOX-1 with AA
comes from the hydrogen abstraction from Cj3, in spite of the fact that both
Hy3 and Hyg are spatially accessible for the abstraction.

So far we have seen that both processes occur with essentially the
same reaction mechanism, and in both cases there are structures with the
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transferred hydrogen atom close enough to the oxygen acceptor. However,
H13 abstraction process is more favorable than Hqg abstraction. So here arises
the question of why apparently Hy3/Hjg identical abstraction mechanisms
and very similar transition state structures occur with somewhat different
potential energy barriers, in this way preserving the exquisite regiospecificity
of 15-LOX-1. To make a more detailed comparison between the potential
energy barriers, the total QM /MM energy has been decomposed as follows:

Erotal = Equayy + Eam,qu (4.3)

where E(qnv is the sum of the QM energy and the electrostatic interac-
tion between the QM and MM subsystems, and Enm,qu is the sum of the
MM energy and the bonded and van der Waals interactions between the QM
and MM subsystems. Results of this decomposition are listed in Table
Two facts can be highlighted. First, similar or even almost identical poten-
tial energy barriers can be decomposed in different ways. In this sense, for
structures II, IV and XI, in which H;3 abstraction occurs, the corresponding
potential energy barriers are of 22.3, 22.2 and 22.5 kcal/mol, respectively,
but they can be decomposed into 18.2, 22.5 and 20.6 kcal/mol Equmm)
components, and 4.1, -0.3 and 1.9 kcal/mol for the E(nvv,qvy components,
respectively. This result is a direct consequence of the diversity of the initial
reactant structures and the similarity of the TS ones: reactant structures will
have to evolve in a different way to reach the corresponding TS structure.

The second fact is that, when the Eqy vy component is under 20
kcal /mol in a few cases, the E\,quy component turns out to be large. This
is specially true for the Hyp abstraction. In some structures (e.g VIII, XIV,
XV) when the QM part contributes with the lowest values, the MM part
conversely contributes with the highest (which could be due to either the
MM part itself, or to the non-electrostatic interaction with the QM part).
This indicates that, in some initial structures, the better the QM part is
ready to react, the worse prepared is the corresponding MM part.

To get a deeper insight on the differences between the Hy3/Hjg ab-
stractions we will focus now on structure XI (see Figure [4.9), where the
C13-0 and C10-O distances (3.83 A and 3.75 A, respectively) are practically
equal, which seems ready to allow any of the two possible hydrogen transfers.
The existence of such type of structures shows that a highly regiospecific en-
zyme like 15-LOX-1 (or human 15-LOX-1) is able to spatially accommodate
the two carbon positions (Ci3 and Cig), even at once, in a similar way with
respect to the acceptor Fe(III)-OH™ moiety. However, the potential energy
barrier for the Hig abstraction turns out to be more than 8 kcal/mol higher
than the corresponding to the Hy3 abstraction (see Table , the difference
mostly arising from the Enn,quy component (6.8 kcal/mol). Likewise, the
Hi3 abstraction is 5.7 kcal /mol more exoergic than the Hjg abstraction.
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Figure 4.9: Reactant of structure XI. Only AA and Fe coordination sphere are shown.
Distances d(H13-OH) and d(H10-O) are indicated.

As the His hydrogen transfer progresses in a given reactive struc-
ture, C13 tends to an sp® hybridization and the moiety corresponding to the
nascent AA-pentadienyl radical approaches to planarity by conjugation in a
7 system consisting of 5 electrons (the unpaired electron originally at Cj3
and 4 7 electrons of the two adjacent double bonds) delocalized over 5 carbon
atoms (from Cj; to Cy5). Exactly the same happens for the Hyo abstraction,
now being Cio the atom tending to an sp? hybridization, and being from
Cg to Cyo the carbon atoms forming the planar AA-pentadienyl radical. The
larger the geometrical change from an initially non-planar structure to a pla-
nar pentadienyl and, specially, the greater steric hindrance to that motion,
the higher the contribution to the potential energy barrier.

Figure shows the geometric evolution of the active site of struc-
ture XI along the hydrogen transfer, using a color scale to visualize the
progress from the reactant to the product. As for the Hyg abstraction, the
dihedral angles C11-C12-C13-C14 and Cy9-C13-C14-Ci5 at structure XI are
188.5° and 122.8°, respectively, whereas they become 165.7° and 176.7°, re-
spectively, at the radical product. This change involves a small motion of
AA (see Figure[1.10] (a)), which does not practically affect the region of the
Cg-Cg double bond, and that occurs in a region of the 15-LOX-1 cavity with-
out significant steric hindrance to the motion of AA. However, the dihedral
angles Cg-Cg-C19-Cq11 and Cg-Cyp-C11-Cq2 at structure XI are 105.7° and
109.9°, respectively, whereas they become -0.2° and 174.8°, respectively, at
the radical product after the Hyy abstraction. This change produces a broad
motion of AA (see Figure (b)), fundamentally in the region of the Cg-Co
double bond (from C7 to Cyg), where the side chains of Leu597 and I1e663
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(b)

Figure 4.10: Representation of the structures along the reaction coordinates for His (a)
and Hio (b) abstractions in structure XI. Color scale is used going from blue (reactants)
to red (products). Boxes on the right show the closest distances from Ile663 and Leu597
to arachidonic acid in the transition state structures.

(specially the ethyl group attached to its S-carbon) significantly hinder this
evolution. The change of the dihedral angle Cg-Cg-C1g-C11 pushes the region
of the Cg-Cg double bond against Leu597 and Ile663.

For instance, it can be seen in the inset of Figure [4.10] (b) that the
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two hydrogen atoms, Hg and Hg, in the Cg-Cg double bond become very close
to some hydrogen atoms of Leu597 and Ile663 (as much close as 2.22 A) at
the Hyg transition state structure. In contrast, the closest hydrogen atoms of
AA, H7, Hg and Hyg, to the hydrogen atoms of Leu597 and Ile663 practically
do not move and keep somewhat farther along the Hy3 abstraction (see the
transition state structure in the inset of Figure m (a)).

(b)

Figure 4.11: Representation of the van der Waals surfaces of 1le663 (orange), Leu597
(green) and the AA atoms between C7 and Cio (blue). All the pictures correspond to
structure XI: (a) reactant, (b) TS of Hys abstraction, (c) TS of Hig abstraction.

The compression along the hydrogen transfer of the Cg-Cg double
bond region of AA against Leu597 and I1e663 when the Hjy abstraction (but
not for the Hyz abstraction) occurs can be better seen in Figure where
the van der Waals surfaces of these critical regions are represented for the
initial reactive structure XI, the Hy3 abstraction transition state structure,
and the Hyo abstraction transition state structure. It is worth noting that the
van der Waals region around the Cg-Cg double of AA at the Hys transition
state structure (Figure (b)) matches the one at the reactant structure
XI (Figure [4.11] (a)), whereas the mobile van der Waals region around the
Cs-Cy double of AA at the Hyg transition state structure (Figure [4.11] (c))
is about to penetrate the van der Waals regions of both Leu597 and Ile663,
and evolves just to this limit. The energy penalty of the interpenetration
of two van der Waals regions is quite huge. To avoid that, the necessary
evolution of the dihedral angles Cg-Cg-C1¢-C11 and Cg-Cy9-C11-C12 requires
the intense motion of the AA head, as seen in Figure (b). This is the
cause of the higher value of the Env g (Table for the Hyg abstraction
in comparison to the Hi3 abstraction in structure XI.

A more detailed analysis of the different energy terms clarifies this
point. The van der Waals contributions of Leub97 to the potential energy
barriers for the Hy3 and Hyg abstractions are 0.20 and 0.17 kcal /mol, respec-
tively. Likewise, the respective values for 1le663 are 0.19 and -0.05 kcal /mol.
All of those values turn out to be very small, therefore corroborating that the
van der Waals regions in the case of the Hyg abstraction stop just before colli-
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sion. This fact forces the distortion of the AA head to allow the change of the
dihedral angles Cg-Cg-C1¢-C11 and Cg-Cyp-C11-C12 to occur, as the system
overcomes other geometrical changes to avoid the collision. The distortion
pays an energy penalty, but lower than the one that would be associated with
the interpenetration of the van der Waals surfaces. Therefore, the motion of
the C1-Cg head of AA implies an electrostatic contribution of 7.5 kcal /mol
to the Hyp potential energy barrier, but just of -0.75 kcal/mol for the Hys
case.

This disfavorable electrostatic contribution to the Hig abstraction
energy barrier is due in part to the weakening of the Argd03-carboxylate of
AA interaction. Figure represents Arg403 interacting with the COO™
group in reactant, T'S of Hy3 abstraction, and TS of Hyy abstraction, showing
the distances between the interacting atoms, and their relative orientation.
For Hyg abstraction, the distortion of the Arg403-COO interaction costs 2.3
kcal/mol, in contrast with the case of Hjz (-0.14 kcal/mol). In addition,
the contribution to the energy barrier of the deformation of the C;-Cg bond
angles is 2.6 kcal /mol for Hyg, but only -0.43 kcal /mol for Hy3. To summarize,
we conclude that the subtle steric hindrance by Leub97 and I1e663 is mainly
responsible for the difference between the Hyi3/Hjo potential energy barriers
and reaction energies in structure XI. This steric hindrance, as usual, does
not produce an increase of the energy associated with the van der Waals
terms, but provokes additional motions in other parts of the system, just to
circumvent the huge penalty that should be paid for the interpenetration of
two van der Waals regions.

In general, the Hig abstraction is disfavored in comparison with the
Hi3 abstraction due to the steric hindrance by Leu597 or Ile663 or both at
once. In some structures even Ile173 contributes to that hindrance. This gives
rise to somewhat higher potential energy barriers for the Hyg abstraction than
for the Hy3 abstraction, and so explaining the strict regiospecificity of the
first step of the hydroperoxidation of AA by 15-LOX-1 and human 15-LOX-
1, despite the fact that both the hydrogen abstractions from Ci3 and from
C19 would seem feasible. As for Ile663, in all the 9 structures selected as
suitable for the Hi3 abstraction the ethyl group bonded to the g-carbon of
116663 is the one that faces the Cg-Cy double bond region of AA (Figure
(a) shows the example of structure I). Conversely, only structures selected
for the Hjp abstraction where the shorter methyl group of that S-carbon
(structures XII to XVI) is the one oriented towards the Cg-Cy double bond
region of AA give rise to the Hyy abstraction with an energy barrier smaller
than 26 kcal /mol (see structure XII in Figure[4.13] (b). The hindrance by the
methyl group is indeed lower than by the ethyl group, but the effect is still
significant.

In order to compare both reactive processes and also with experi-
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Figure 4.12: Representation of Arachidonic Acid carboxylate end and Arg403 of structure
XIin: (a), (b) and (c) the reactant of structure XI; (d), (e), (f) TS of Hi3 abstraction and,
(g), (h), (i) TS of Hio abstraction, showing: (a), (d), (g) Oaa-Hraos distances; (b), (e),
(h) C1,aA-Oaa-Hrao3 angles; (C), (f), (1) C1,AA-Oaa-Hrao3- Nrao3 dihedrals.

mental results a magnitude like a kind of average potential energy barrier
should be provided. It is worth mentioning that the high dispersion in the
AE}Fotal observed for each reactive process (H;3 and Hjg abstraction) which
is a direct consequence of the high dispersion in the reactant minima geome-

tries, as the corresponding T'Ss present a similar structure in both processes.
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Figure 4.13: Representation of the AA substrate and the terminal Ile663 in the reactants
of structure I (a) and structure XII (b). (¢) chemical structure of Isoleucine, highlighting
the ethyl (blue) and methyl (groups) of its side chain. It is observed that in structure I,
the ethyl group of Ile663 side chain faces the AA Cg-Cy double bond, whereas in structure
XII is the methyl group of Ile663. The position of these two groups can be alternated by
the rotation around the Ca-Cg bond of Isoleucine.

Thus, assuming that each structure reacts with a local rate constant that
fulfills the conventional transition state theory and that free energy and po-
tential energy barriers present similar values 2 the overall rate constant
could be calculated by an exponential average using the equation 80181

1 7
AE}, = —RTn - Zexp (4.4)

where R is the gas constant, T is the absolute temperature, AEZ-i is the
potential energy barrier for each structure (Table and n is the total
number of structures. Using Eq. [1.4] the average potential energy barrier for
Hi3 abstraction is of 19.6 kcal /mol, whereas for Hyy abstraction the average
potential energy barrier results in 23.6 kcal/mol at T'= 300 K. Thus, there is
a difference of 4.0 kcal/mol, which agrees well with the value of 2.1 kcal /mol
derived from the experimental result of the Cq3:Cqg ratio of 97:3 for this
system, employing the conventional transition state theory and assuming
kinetic control [

The accuracy of the calculated potential energy barriers has been
assessed by means of single point energy calculations to examine the sen-
sitivity of the results to the choice of functional and basis set. The 40 new
potential energy barriers for Hyg and Hyg abstractions are given in Table [1.4]
It can be observed that only small changes of the potential energy values are

!According to the conventional Transition State Theory, thelrate constant is related
with the phenomenological free energy by: k(T) = kBTTKOefAGm/RT. Assuming kinetic
control, the ratio of the rate constants for Hy3 and Hj¢ abstraction should be the same as
the ratio for the product formation, 97:3. Thus, it results in a difference of 2.1 kcal/mol

at T'= 300 K.
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Table 4.4: Potential energy barriers at different levels of theory for Hi3 and Hyo abstrac-
tions, and ZPE correction at B3LYP/[LANL2DZ(Fe), 6-31G(d)(rest)] level. All values
are given in kcal/mol. All the structures were optimized at the BSLYP /[LANL2DZ(Fe),
6-31G(d)(rest)] level.

Structure Abstraction B3LYP/B1*> B3LYP-D2P/B1 B3LYP/B2° TPSSH/B1 ZPE-corrected

I His 21.6 20.7 21.5 21.4 18.1
1I s 22.3 19.2 23.3 22.3 18.7
111 s 19.6 16.3 21.9 20.3 16.0
v s 22.2 19.0 23.4 23.0 18.7
% Hiz 24.7 22.7 25.9 24.6 21.4
VI His 18.6 17.2 18.7 18.5 14.8
VII His 23.4 22.1 23.9 23.5 19.8
VIII His 18.9 16.4 18.9 19.3 15.3
IX His 20.6 17.8 20.7 20.4 17.1
X His 30.4 24.6 32.2 31.2 26.5
X1 His 22.5 19.3 23.1 22.9 19.1
XII Hig 24.1 21.6 24.9 24.0 20.3
X111 Hio 23.6 21.4 23.6 23.4 19.8
XIV Hio 22.7 21.4 23.4 22.7 18.9
XV Hio 24.3 22.5 25.3 24.6 20.4
XVI Hio 25.8 23.6 26.2 25.6 22.0
XVII Hio 31.4 31.3 32.0 315 27.3
I Hig 40.6 39.2 422 40.9 36.9
X Hio 29.1 26.8 30.3 29.3 25.5
XI Hio 30.9 29.1 31.7 31.1 27.7

2B1: LANL2DZ(Fe), 6-31G(d)(rest) basis set
bGrimme-type D2 energy dispersion correction
°B2: LANL2DZ(Fe), Ahlrichs-vtz(rest) basis set

obtained by using the Ahlrichs-vtz triple-¢ basis set!®? and the TPSSH func-
tional 123 Thus, the difference of the exponential average potential energy
barriers (calculated according to equation for Hys versus Hyg abstrac-
tion are 4.5 kcal/mol with the Ahlrichs-vtz basis set, and 3.9 kcal /mol with
the TPSSH functional, in good agreement with the double-zeta BSLYP result
given above. As the inclusion of dispersion energy in DFT/MM calculations
in enzyme-catalyzed reactions has been shown to be important, we have
also recomputed the 20 potential energy barriers by means of single-point
energy calculations using the B3LYP-D2 functional with Grimme-type cor-
rections’® (see Table .The inclusion of dispersion effects somewhat de-
creases the potential energy barriers of Hi3 and Hg abstractions but without
a significant change in their relative barriers being the dispersion-corrected
average potential energy difference of 4.7 kcal /mol. In Table We have also
included the zero-point energy (ZPE) corrected B3LYP /[LANDZ2D(Fe), 6-
31G(d) (rest)] barriers for all the Hy3 and Hyp abstractions. It can be ob-
served that the inclusion of the ZPE lowers the H-abstraction barriers but
it does not modify the exponential average energy difference of 4.0 kcal/mol
favoring Hi3 abstraction versus Hyg abstraction.
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4.3.3.1 QM/MM free energy perturbation calculations

To estimate the importance of the thermal and entropic effects in the hy-
drogen abstraction reaction pathway, the free energy along the reaction co-
ordinate has been evaluated by means of the QM /MM-FEP method for the
hydrogen abstraction step from AA acid. According to this methodology,
the QM part is frozen at each window of the reaction coordinate (in total
28 FEP windows were used), and only the computationally less demanding
MM part is sampled. In this way, the contributions to the free energy of the
environment due to the MM part and the QM /MM interactions are included.
As indicated in the Methodology section, the density of the fixed QM part
is not only frozen but approximated by ESP charges when calculating its
interaction with the MM part according to ChemShell protocol.
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Figure 4.14: Forward and backward free energy profiles along the Hjs abstraction in
structure VI.

The forward and backward free energy profiles are shown in Figure
This profile corresponds to the Hi3 abstraction process in structure VI,
which occurs with a potential energy barrier of 18.6 kcal /mol (see Table.
The data for the forward and backward directions agree quite well with only
minor hysteresis effects. The forward free energy barrier turns out to be 21.5
kcal /mol, and the backward free energy barrier is of 20.1 kcal/mol, giving
an average free energy barrier of 20.8 kcal/mol. The difference with respect
to the corresponding potential energy barrier is of 2.2 kcal/mol due to the
sampling of the environment, which indicates that the thermal and entropic
contributions are small. Therefore, the size of these contributions is not big
enough to significantly modify the main findings based on the considerations
of the potential energy barriers.
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4.3.4 Study of the hydrogen abstraction step in LA

As indicated in the Introduction Section, AA is the most common substrate
in mammalian LOXs. However, there are mammalian LOXs that present dual
substrate specificity and 15-LOX-1 (and also 15-LOX-2) can also catalyze the
peroxidation of LA. For comparative purposes, the theoretical study of the
hydrogen abstraction from LA has been also included in this Chapter, in the
case of rabbit 15-LOX-1. Note that just Hi; can be abstracted from LA, as
Ci1 is the only bisallylic methylene unit in this substrate.

4.3.4.1 Potential Energy Profiles

The structures of the LA:15-LOX-1 Michaelis complex were taken from MD
simulations done previously in our research group ™ The selection criterion
to filter out the pre-catalytic complexes was similar to the one employed for
AA (see above): d(H;;-OH) < 3.0 A and d(Cy;-OH) > d(Hp;-OH). Next,
following the same procedure as for AA, the selected structures were pre-
pared to perform the hydrogen abstraction step. The corresponding poten-
tial energy barriers, and geometric parameters of the reactant minima and
TS structures, are listed in Table [£.5]

Table 4.5: Potential energy barriers (in kcal/mol) and main geometric parameters (dis-
tances in A and angles in degrees) of reactants and TSs of the Hy; abstraction in LA.

Structure AEi d(Hn—OH) d(CH—HH) d(Cu—OH) Z(Cl]—HH-O) Z(HH-O-H)
R TS R TS R TS R TS R TS

XVIII 146 225 140 110 1.28 332 265 1625 1635 944 994
XIX 21.3 365 141 1.10 128 397 268 98.7 169.2 412  91.7
XX 231 369 139 1.10 128 388 267 921 1722 482 933
XXI 23.2 325 138 1.09 129 365 265 1029 1672 29.0 88.5
XXII 26.0 276 137 1.10 131 3.68 268 141.1 1714 90.6 100.3
XXIIT 13.6 219 139 110 127 324 264 1579 1647 923 98.6
XXIV 264 293 136 110 1.32 359 267 1246 171.2 89.1 100.6
XXV 288 283 137 110 1.32 3777 269 1435 1715 94.0 100.2
XXVI 23.0 278 139 110 129 371 268 143.0 1743 87.7 987
XXVII 159 229 138 1.10 130 332 265 1539 1640 975 99.3
XXVIIL 154 212 134 110 131 3.19 262 1632 1653 924 99.2
XXIV 16.0 233 137 110 129 335 264 1537 1639 955 989
XXX 191 273 140 1.10 1.28 3.62 2.67 1382 169.2 51.2 942

It can be observed that, like in the case of AA, there is a great dis-
persion of potential energy barriers in the reaction with LA. For instance,
the lowest potential energy barrier, which corresponds to structure XXIII,
has a value of 13.6 kcal/mol, whereas structure XXV presents a potential
energy barrier of 28.8 kcal/mol. Again, the differences observed in the po-
tential energy barriers can be attributed to the differences in the reactant
minima structures rather than to the TS ensembles (see distances and angles
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in Table . Figure shows the reactant and T'S geometries of structure
XVIII. Also, as has been highlighted before, there is not a precise correlation
between the Hi1-OH distances and the energy barriers when those distances
are short enough. However, the lowest potential energy barriers correspond
to those profiles initiated from reactive structures with the shorter Hi1-OH
distances (structures with such distance < 2.5 A present an energy barrier
< 16 kcal/mol).
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Figure 4.15: Representation of the reactant minimum (a) and TS structure (b) in struc-
ture XVIII.

Using equation the exponential average energy barrier has been
calculated for the hydrogen abstraction from LA. At T = 300 K, it results
in 15.0 kcal/mol, which is 4.6 kcal/mol lower than the corresponding value
of the H;3 abstraction of AA (19.6 kcal/mol). Thus, this result agrees with
the faster peroxidation of LA versus AA by 15-LOX-1, taking into account
that the hydrogen abstraction step is the rate-limiting one.

4.3.4.2 QM/MM free energy perturbation calculations

Like in the case of the AA reaction, to estimate the contributions of the
thermal and entropic effects in the hydrogen abstraction reaction pathway,
the free energy along the reaction coordinate has been evaluated for the
hydrogen abstraction step from LA acid using the QM/MM-FEP method.
A total of 60 FEP windows were sampled along the Hy; abstraction reaction
coordinate.

The forward and backward free energy profiles are shown in Figure
for the Hy; abstraction pathway in structure XVIII, which occurs with
a potential energy barrier of 14.6 kcal/mol. Again, the data for the forward
and backward directions agree quite well, with only minor hysteresis effects.
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Figure 4.16: Forward and backward free energy profiles along the Hi; abstraction from
LA.

The forward free energy barrier is of 12.1 kcal/mol, and the backward free
energy barrier of 10.8 kcal /mol; then, an average free energy barrier of 11.4
kcal /mol is obtained. Compared with the QM /MM potential energy barrier,
this free energy barrier gives a contribution of -3.2 kcal/mol to the barrier
due to the sampling of the environment.

4.3.4.3 Comparison between AA and LA binding modes

In previous studies in our research group/ 2217 it was demonstrated that
15-LOX-1 presents an active site cavity with sufficient volume to accom-
modate the longer AA substrate as well as the shorter LA, and still have
both interacting with Arg403. The comparison of the QM/MM minimum
energy structures of AA:15-LOX-1 and LA:15-LOX-1 complexes can give
more molecular insights on the way both fatty acid substrates bind into the
active site for catalysis. Figure shows the overlay of the reactant min-
imum of structure XVIII, with two different minima of the AA:15-LOX-1
complex (structures I and II).

It can be observed that Cqi; of LA is located around the same po-
sition as Ci3 of AA or even deeper into the active site, although LA is two
carbon atoms shorter than AA. In this similar location, the bisallylic methy-
lene group at Ci1 of LA is not surrounded by any nearby residue side chain,
like occurs to the bisallylic methylene group at Ci3 in AA. In this struc-
tural comparison, it has to be taken into account that, besides the different
number of carbon atoms of the fatty acid chain, AA has three double bonds
within the carbon chain between C; and Ci3, whereas LA only has one dou-
ble bond between C; and Cii. As the number of double bonds increases
between C; and C,,, the C;-C,, distances tend to be shorter. For instance,
the C1-Cy; distance of structure XVIII of 11.5 A, is nearly the same as the
C1-Cq3 distance for AA in structure I (Figure ) Moreover, the par-
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Cii(LA)

(a) (b)

Figure 4.17: Overlay between the AA:15-LOX-1 (AA depicted in cyan) and the LA:15-
LOX-1 (LA depicted in gray) complexes. (a) shows the overlay between the reactant
minima of structures I (of the AA:15-LOX-1 complex) and XVIII (of the LA:15-LOX-1
complex), and (b) shows the overlay between the reactant minima of structures IT (AA:15-
LOX-1) and XVIII. Labels of the Fe-coordination protein residues are not shown for clarity.

ticular orientation of the three double bonds of AA in structure II (Figure
) reduces the C;-C;3 distance down to 10.4 A. These structural con-
siderations explain how 15-LOX-1 can accommodate the different reactive
bisallylic methylene groups of the two substrates in a similar location, able
to initiate the reactive process.

4.4 Conclusions

In the work presented in this Chapter quantum mechanics/molecular me-
chanics methods have been employed to study the mechanism of the hydro-
gen abstraction reaction from arachidonic acid (AA) catalyzed by 15-LOX-1,
an enzyme that has approximately 80% sequence identity with human 15-
LOX-1. These enzymes exhibit a very high regiospecificity, in such a way
that most of the products arise from the initial hydrogen abstraction from
the carbon Ci3 of AA.(17-19) It has been assumed that this regiospecificity
of the different mammalian lipoxygenase isoenzymes is due to the depth and
width of the substrate binding pocket and the head/tail orientation of the
incoming AA, in such a way that each lipoxygenase enzyme would abstract
a hydrogen atom from essentially a unique position, the only one that is able
to be close to the oxygen acceptor atom of the Fe(III)-OH™ cofactor. How-
ever, unexpected experimental results for human 15-LOX-1 have suggested
that the hydrogen abstractions from two structurally different positions (Cy3
and Cyp) follow a comparable mechanism(18-20) with similar transition state
structures, which does not seem very compatible with the known exquisite
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regiospecificity of this enzyme.

The results presented here show a wide dispersion of geometries of
the AA:15-LOX-1 Michaelis complexes able to transfer a hydrogen atom
to the oxygen acceptor of the Fe(III)-OH™ cofactor. There are structures
capable to transfer Hys, Hig, or even both, so in principle, both processes
are feasible. Very interestingly, transition state structures for Hyg and Hig
abstraction present very similar geometry around the shifting hydrogen, thus,
the dispersion of energy barriers can be attributed to the dispersion of the
initial reactant structures. Even more, when comparing the Hiz and Hjg
abstractions, we see that the reaction mechanisms for both are identical
(proton-coupled electron transfer processes), with transition state structures
that match their geometries around the shifting hydrogen. This confirms
the suggestion by Holman and co-workers(18-20) about the similarity of the
mechanisms and transition states for both abstractions.

The exponential average potential energy barriers we have obtained
are 19.6 kcal/mol for the Hys abstraction and 23.6 kcal/mol for the Hjg
abstraction. This difference of 4.0 kcal /mol agrees well with the value of 2.1
kcal /mol derived from the experimental C13:Cyq ratio of 97:3 for 15-LOX-
1. Steric hindrance by residues Leub97 and Ile663 turns out to be mainly
responsible for that difference. As for the second residue, the catalytic iron is
coordinated by the main-chain carboxylate of the C terminal Ile663, which
contributes to determine the electronic density on this iron atom and so
regulates its redox potential. In addition, that carboxylate forms a hydrogen
bond with the hydrogen atom of the OH™ group of the Fe(III)-OH™ cofactor,
so helping the right positioning of that OH~. However, any of the amino acids
with aliphatic side-chain groups (Gly, Ala, ...) could have been adequate to
play exactly the same role. Why then has nature chosen just the bulkiest of all
them? This is because the large side chains of Ile663 and Leub97 significantly
hinder the geometric evolution that AA needs to experience during the Hyg
abstraction but have no role when Hy3 is transferred.

Therefore, we conclude that, despite the fact that AA can perfectly
accommodate both Hqi3 and Hyg to be transferred, the subtle steric hindrance
by Leub97 and 11663 of 15-LLOX-1 turns out to be the main cause for the dif-
ference between the Hyz/Hjg potential energy barriers and, as a consequence,
for the strict regiospecificity exhibited by the enzyme 15-lipoxygenase-1. It
has to be emphasized that these residues are conserved in the mammalian
lipoxygenase isoenzymes, where they are probably also responsible for dis-
cerning between the two hydrogen atoms of AA that can be positioned to
be transferred. The crucial physiological role of all these enzymes would not
be possible without the regiospecificity induced by such a subtle effect.

Finally, the calculations of the hydrogen abstraction process in LA
show that the hydroperoxidation of LA by 15-10X-1 is a faster chemical reac-
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tion than the Hy3 abstraction from AA, in accordance with the dual substrate
specificity of 15-LOX-1, but with LA being the preferential substrate of this
LOX.

The results presented in this Chapter have been published in papers:

o ACS Catalysis, vol. 4, no. 12, pp. 4351-4363, 2014

e Journal of Physical Chemistry B, vol. 8, no 20, pp. 1950-1960, 2015






Chapter 5

Leub97Ala-Ile663Ala 15-LOX-1
double mutant

5.1 Introduction

In the previous Chapter it was proposed that the presence of bulky residues
in the active site cavity, especially residues Leub97 and Ile663, could play
a role in controlling 15-LOX-1 regiospecificity. These residues are placed in
the proximity of the substrate and may hinder the geometric evolution of the
AA substrate from reactant to product in the Hyg abstraction step, but not
in the Hi3 abstraction one. Thus, a possibility for increasing the hydrogen
abstraction from Cig could be the mutation of the bulky residues Leub97
and Ile663 to smaller ones, so avoiding their steric hindrance. To test this
hypothesis the study of the hydrogen abstraction step of Hi3 and Hig in AA
by the double mutant Leu597Ala-I1le663Ala has been carried out here.

5.2 Methodology

5.2.1 Preparation of the in silico mutant

The in silico double mutant Leub597Ala-Ile663Ala has been prepared from
one of the AA:15-LOX-1 wild-type (WT) complex structures studied in the
previous Chapter. Particularly, the selected structure corresponds to the re-
actant minimum of structure XI (see Figure 4.9), that was one of the struc-
tures initially prepared to react with both pro-S Hjp and Hys of AA in
the hydrogen abstraction process. The double mutant has been generated by
changing the residues Leu597 and I1e663 to Alanine with the Mutator Plugin
of the VMD program 72
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Figure 5.1: Representation of the starting structure of the AA:WT/15-LOX-1 complex
(left) used to generate the double mutant Leu597Ala-Ile663Ala (right).

5.2.2 MD simulations

The molecular configurations of the Michaelis complex of the AA:Leu597Ala-
[le663Ala/15-LOX-1 mutant have been generated by means of MD simula-
tions. For that purpose the following protocol has been applied. First, the
substrate:protein complex has been fully solvated in an orthorhombic box of
preequilibrated TIP3P water molecules, with dimensions of 125 A x 79 A x
85 A (Figure . Next, the total charge of the system has been neutralized
by adding six sodium cations. The resulting system contains nearly 75500
atoms, of which about 10600 of them belong to the protein.

The prepared system has been submitted to 1500 MM minimiza-
tion steps with harmonic restrains applied to the protein and the substrate,
followed by 1500 MM minimization steps without restrains (in both cases
with the steepest descent algorithm) to avoid bad contacts and then, MD
simulations under periodic boundary conditions (PBC) were started. The
system was gradually heated from 25 K to 300 K during 80 ps, followed by
an equilibration step of 200 ps at 300 K. During the heating steps, harmonic
restraints were applied to the protein heavy atoms, which were gradually
released, while the ligand and water molecules were kept free of restraints.
Finally, a production step of 15 ns was performed by running three inde-
pendent trajectories of 5 ns of production (with different assignment of the
initial atomic velocities).

The quilibration step was done at constant volume and temperature
(NVT), and production steps were done at constant pressure and temper-
ature (NPT) using the extended system constant pressure and the Hoover
constant temperature algorithms 86 A time step of 2 fs was used for the
production steps. All of the bonds and angles involving hydrogen atoms
were constrained by the SHAKE algorithm ™28 PBCs were built with the
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Figure 5.2: Representation of the complete system, substrate:protein complex inside
the waterbox orthorombic cell unit: the AA:Leu597Ala-Ile663Ala/15-LOX-1 complex is
represented by solid cartoon, and the water box is represented by a transparent surface.

CRYSTAL facility of CHARMM £8125 ysing an orthorhombic cell unit. For
long-range electrostatic, the Particle Mesh Ewald (PME) method was used.

All MD simulations were run with the program CHARMM version
¢35-bl. The force field topology and parameters for AA were derived from
the CHARMM2753164 ones, and CHARMM2210B102) force field was used
for protein atoms except for Fe and its first coordination sphere, for which
the parameter specifically derived by Saam et al**” were used. Structural
analyses of the simulations were performed with the CORREL module of
CHARMM.

5.2.3 QM/MM calculations

The methodology of the QM/MM calculations was the same that the used
previously for the WT system. The QM/MM calculations have been car-
ried out with the modular program package ChemShell 1% with TURBO-
MOLE for the DFT calculations, and the CHARMM22 and CHARMM?27
force fields for the MM calculations using the DL-POLY module of ChemShell.
The interaction between the QM and the MM subsystems has been treated by
an electronic embedding scheme”® and a link atom scheme has been adopted
to describe the QM /MM boundary using the charge shift model. No cutoffs
were introduced for the nonbonding MM and QM /MM interactions 102

QM /MM optimizations were performed with the HDLCopt module,
employing the L-BFGS algorithm!%®167 for energy minimizations, and the
microiterative optimizer, combining both P-RFOS1 and L-BFGS, dur-
ing the transition state searches. In all, around 12000 atoms are included
in the QM/MM calculations, of which around 2000 are moved during the
optimization process.
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In all calculations the QM subsystem has been described by the
B3LYP functional®®® and the 6-31G(d) basis set*™ has been used for C, H,
O and N atoms, and the LANL2DZ basis set-# for Fe. The QM region, which
contains 74 atoms (link atoms not included), consist of 24 atoms of the lipid
substrate, 11 atoms of each of the four His residues in the Fe coordination
sphere (His361, His366, Hisb41 and His545), 3 atoms of the terminal residue
663 in the coordination sphere, and the Fe(III)-OH™ cofactor, able to accept
the hydrogen from AA. Seven link atoms were used, five along the bonds Ca-
QM atom of the five residues in the Fe coordination sphere, and two bonded
to the aliphatic carbons of the lipid substrate (placed between Cg-C7 and
Ci16-C17).

5.3 Results and Discussion

5.3.1 Multiple binding modes of the AA:Leu597Ala-Ile663Ala/15-
LOX-1 complexes

The exploration of the conformational landscape of the AA binding modes
into the Leub97Ala-Ile663Ala mutant has been performed by running three
non-correlated 5 ns simulations, each one initiated with a slightly different
protocol (i.e. assigning different initial velocities to the atoms). Those three
simulations are referred here as trajectory 1 (TRJ1), trajectory 2 (TRJ2) and
trajectory 3 (TRJ3). The MD protocol applied here ensures a wider explo-
ration of the conformational space. Three non-correlated trajectories allow
to explore different separated regions of the conformational landscape of the
substrate:protein complex which could not be reached through a single long
trajectory. However, it is necessary to ensure that the separated trajectories
are long enough in order to equilibrate the system.

The Root Mean Square Deviations (RMSDs) of the protein atoms
(excluding hydrogens) along TRJ1, TRJ2 and TRJ3, with the reference to
the initial frame of each one of the 5-ns production trajectories, are shown
in Figure It can be observed that the three RMSDs approximately level
off so indicating that the protein in the AA:Leu597Ala-Ile663Ala/15-LOX-1
Michaelis complex has relaxed to a more stable structure and equilibration
might be assumed. In this sense, the calculated average RMSD values of
1.55 £ 0.15 A, 1.66 £ 0.16 A and 1.67 + 0.19 A for TRJ1, TRJ2 and TRJ3,
respectively, reflect this stability of the overall protein structure.

The RMSDs of the AA heavy atoms with respect to the substrate
average structure again along the production periods of TRJ1, TRJ2 and
TRJ3 trajectories are also shown in Figure [5.3] It can be observed that AA
experiments significant rearrangements inside the enzyme mutant active site
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Figure 5.3: Protein and AA RMSD during the MD production step. Protein RMSD has
been calculated with respect to the starting coordinates of the production step, whereas
AA RMSD has been calculated with respect the average of the production step coordinates.

in accordance with the large conformational variability of the AA:Leu597Ala-
[le663Ala/15-LOX-1 Michaelis complex, also observed in the simulations of
the AA:WT/15-LOX-1 complex. Mostly, those substrate motions consist in
rather rigid internal rotations and vibrations of the unsaturated AA aliphatic
carbon-chain that fluctuates around an average bounding mode inside the
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large active site of the double mutant 15-LOX-1. In particular, the high
RMSD values at the beginning of TRJ1 correspond to a set of folded confor-
mations of AA in which the substrate aliphatic carbon-chain has turned into
itself with the AA tail in such a way to fill the room left by the size reduc-
tion of the residue side chains in the Leub97Ala-Ile663Ala double mutant.
Later on along the same trajectory, AA fluctuates for a longer period of time
around more extended conformations (see Figure below). These results
highlight that in the double mutant Michaelis complex there is enough room
and side chain flexibility in the cavity to allow some conformational variabil-
ity in AA, especially for the positioning of the conjugated double bonds and
the methyl end.

In addition, distances of the atoms of the methylene groups of in-
terest (Cqp and Cj3) to the oxygen atom of the Fe(III)-OH™ cofactor, have
been monitored during the trajectories. In Table the average distances
d(Clo—OH), d(Hlo—OH), d(clg—OH), and d(ng—OH) (Where H10 and H13 are
the pro-S hydrogens), measured over the production steps, are provided. The
results show that the d(C19/H;10-OH) average distances are smaller than the
d(C13/H13-OH) ones. In principle, this result would be in agreement with the
behavior as a 12-lipoxygenating enzyme (i.e. preference for Hio abstraction
and oxygenation at Ciz) of the AA:Leub97Ala-Ile663Ala/15-LOX-1 mutant
because C19/Hig are in average closer than Ci3/Hi3 to the Fe(III)-OH™ co-
factor that initiates the H-abstraction process from the corresponding methy-
lene group of AA.

Table 5.1: Average distances of interest during the production steps of the MD simu-
lations. Distances are given in A along with the root mean square deviation included in
parentheses.

Geometric parameter TRJ1 TRJ2 TRJ3
d(C13-OH) 6.16 (0.73) 4.34 (0.66) 5.31 (0.77)
d(C10-OH) 4.46 (0.53) 4.04 (0.49) 4.18 (0.48)
d(Hy3-OH) 6.23 (0.74) 3.71 (1.00) 5.58 (0.77)
d(H10-OH) 4.75 (0.75)  3.65 (0.95) 4.76 (0.71)

However, these average distances, extracted from MD simulations of
an enzyme:substrate Michaelis complex, must be analyzed with great care.
In fact, in that previous study on the AA binding to WT 15-LOX-1,%8 the
d(C10/H10-OH) average distances obtained from MD trajectories were com-
parable to the d(Cy3/H13-OH) ones, in this case in apparent contradiction
with the experimental regioselectivity (preference for Hjz abstraction and
oxygenation at Ci5) of WT 15-LOX-1. But as has been demonstrated in
the previous Chapter, the distance criterion of the reactive atoms to the
Fe(III)-OH- cofactor is not the unique factor to take into account.
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Figure 5.4: Evolution and histogram of distances C13-OH (purple) and C19-OH (blue)
during the production steps in Trajectoryl, Trajectory2 and Trajectory3 of MD simula-

tions in mutant Leu597Ala-Ile663Ala 15-LOX-1.
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In the AA:Leu597Ala-Ile663Ala/15-LOX-1 mutant though, the d(Cjo-
/Hy0-OH) average distances are in between 0.5 to 2.3 A shorter than in the
AA:WT/15-LOX-1 Michaelis complex, showing that the reduction in the
side chains of Leu597 and Ile663 by means of the double mutation espe-
cially favor the approach of the Cyig/Hjo group of AA to the Fe(III)-OH™
cofactor. The Cy3/Hj3 group of AA only approaches clearly to the cofac-
tor in one trajectory of the double mutant simulation, TRJ2 (see Figure
(c¢) and (d), in which, however, the Ci9/Hjo is close enough as well.
Therefore C13/Hi3 remains in average farther away from the Fe(III)-OH™
cofactor in the AA:Leu597Ala-Ile663Ala/15-LOX-1 Michaelis complex than
in the AA:WT/15-LOX-1 one. This result indicates that, globally, the in
silico simulation of the Leu597Ala-Ile663Ala 15-LOX-1 mutant explores for
a longer period of time than the WT 15-LOX-1 simulation configurations of
AA bound into the active site with the Cjg-methylene group better exposed
for the H-abstraction reaction than the pentadiene centered at Ci3. This is a
first relevant result indicating that the double mutation Leu597Ala-Ile663Ala
might favor the change in regioselectivity of a 15-LOX enzyme to a 12-LLOX
one.

However, we have to take into account as already mentioned in the
study of AA:WT/15-LOX-1 complex, that the d(C1o/H1o-OH) and d(Cy3/H;3-
OH) distances may not be the most relevant molecular factor for explaining
LOX regioselectivity. In WT 15-LOX-1 as well as in the double mutant stud-
ied here, the position of C1g and Ci3 of AA with respect to the OH- molecule
might be very similar (as occurred for example with structure XI of the pre-
vious Chapter (Figure 1.9) or rather different, depending not only on the
precise positioning of AA but also in the internal angles/dihedrals of the AA
carbon skeleton.

Figure [5.5] shows four snapshots of the MD simulation of the
AA:Leub97Ala-11e663Ala/15-LOX-1 Michaelis complex. In Figure (a-b)
two structures of the mutant are shown, in which AA is prone for Hjg-
abstraction as Hig is closer to OH- than Hi3. In Figure b, AA adopts
the folded configuration mentioned above in which the Hy3 atom is as far as
5.65 A from the oxygen atom of OH- group, whereas Hj remains at short
distances (2.89 A). In contrast, in Figure c it is shown a structure of the
mutant, in which AA is prone for Hisz-abstraction as Hyg is much closer to
OH- than Hyy. Finally, Figure[5.5]d is an example of a configuration in which
both H-abstractions might be plausible as both hydrogen atoms are located
at quite similar short distances from the OH- acceptor group.

In comparing these four MD snapshots it can be appreciated the
variability in the orientation of the different pentadiene groups of the AA
carbon chain and also the different locations of the A A tail inside the enlarged
hydrophobic cavity of the Leu597Ala-1le663Ala mutant. In Figure (e-g)
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an overlay between the active sites of the WT and the mutant AA:15-LOX-1
complexes is depicted to compare the relative orientation of the AA substrate
with respect to Leu597/11e663 or Ala597/Ala663 side chains. The van der
Waals surfaces corresponding to the side chains of the two mutated residues
clearly show (Figure f) the extra available space for the positioning of
AA within the cavity, in contrast to the close proximity of the Leu597/11e663
side chains to the substrate in the WT enzyme (Figure g). In these
configurations van der Waals contacts between the residues side chains and
the AA carbon-chain are established.

To proceed further with the analysis of the molecular factors that
determine the regioselectivity of lipoxygenases, a selection criterion has been
adopted to filter the so-called reactive structures from the global ensemble
of configurations of the Michaelis complex to initiate the study of hydrogen
abstraction step. This selection criterion was based on the following geomet-
rical conditions: d(H;3-OH) or d(H1o-OH) < 3.0 A and d(C3-OH) > d(H;3-
OH) or d(C19p-OH) > d(H19-OH), thus ensuring that the corresponding C-H
bond is properly oriented for hydrogen abstraction. In this way, two groups
of reactive structures were extracted from each MD trajectory: structures
suitable for Hyg-abstraction and those suitable for Hyg-abstraction. Next, a
clustering analysis was carried out within those two groups of reactive struc-
tures based on the RMSD of AA heavy atoms with a cutoff of 1 A (Figur
shows the cluster of structures suitable for Hjo abstraction). The most popu-
lated clusters represent the preferred binding modes of AA in the active site
of the AA:15-LOX-1 mutant Michaelis complex corresponding to reactive
structures, that is, ready to initiate the H-abstraction of Hyy or His.

5.3.2 Reaction mechanism for the hydrogen abstraction step

Several representative structures (numbered from I to XXII) from the most
populated clusters of reactive structures were geometrically optimized and
the minimum energy structures corresponding to the reactants for the
Leub597-Ala-Ile663Ala mutants of AA:15-LOX-1 complex were located on
the QM /MM potential energy surface. From those minima, the potential en-
ergy profiles for the Hjp-abstractions (structures I to XI in Table ), and
Hjs-abstractions (structures XII to XXII in Table were calculated, and
the corresponding transition state (T'S) structures were located following the
methodological protocol detailed in the Methods section.

In Table the main geometric parameters corresponding to the
stationary points (minima and TS structures) of the calculated H-abstraction
energy profiles for Hyy abstraction are given. The d(Hy9-OH) and d(Cjo-
OH) distance values at the reactants minima for structures I to XI range
from 2.19 to 3.68 A, and from 3.29 to 3.86 A, respectively, whereas in these
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Figure 5.5: Images a) to d): Representation of the active site of the AA:Leu597Ala-
Ile663Ala/15-LOX-1 mutant showing the arachidonic acid molecule and the Fe(III)-OH™
cofactor in different snapshots of the MD: a) snapshot 1; b) snapshot 2; ¢) snapshot 3; d)
snapshot 4. Images e) to g): Comparison of the wild type (orange) and mutant (blue): e)
superposition of WT and mutant 15-LOX-1, showing the arachidonic acid and the residues
597 and 663, f) representation of the van der Waals surfaces of Ala597 and Ala663 in the
mutant, g) representation of the van der Waals surfaces of Leu597 and Ile663 in the WT
enzyme.
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(a) Trajectory 1. (b) Trajectory 2. (c) Trajectory 3.

Figure 5.6: Representation of the most populated clusters of the structures that fulfill the
selection criterion for the Hig abstraction process. Color code from more to less populated
clusters: blue, red, cyan, purple, yellow.

Table 5.2: Main geometric parameters of the reactant and TS of the structures selected
for Hio abstraction. Distances are given in A and angles in degrees.

Structure d(Hlo—OH) d(Clo—Hlo) d(Clo—OH) Z(Clo—Hlo—O) Z(Hlo—o—H)
R TS R TS R TS R TS R TS

I 289 135 110 1.30 3.60 263 1221 163.7 713 933
IT 3.03 132 109 132 371 261 1203 161.1 845 96.3
111 259 137 110 129 361 265 1539 1728 989 1039
v 2.60 139 110 127 353 266 1409 1744 80.2  98.7
\Y% 265 137 110 128 351 263 1352 1672 731 983
VI 219 136 110 129 329 263 1775 169.5 90.8 101.2

VII 258 136 110 128 356 2.63 1478 1731 839  99.2
VIII 3.00 135 110 129 355 263 111.6 171.7 82.7 999

IX 258 132 110 130 332 260 1243 1669 864  97.7
X 346 132 110 131 3.65 260 914 161.1  91.6  96.3
XI 3.68 133 1.10 1.30 386 2.62 91.1 166.5 75.1  94.3

structures the smallest d(H13-OH) and d(C13-OH) distances are 4.88 and 4.49
A, respectively. However, as explained above, there are many other molecular
configurations of the mutant in which also Cy3 is located at reactive distances.
Structures XII to XXII, represented in Table [5.3] are representative of such
set of configurations in which, in fact, Hyg is closer than Hig to the OH-
group. This is the reason why those structures have been selected to initiate
the Hjs-abstraction potential energy profiles. The d(H;3-OH) and d(Cjs3-
OH) distance values at the reactants minima for structures XII to XXII
range from 2.33 to 3.04 A and from 3.27 to 3.93 A, respectively, whereas the
smallest d(H1p-OH) and d(C19-OH) distances are as short as 2.53 and 3.59
A, respectively, for these structures. A similar dispersion of geometries of the
reactants minima was also present in the AA:WT/15-LOX-1 complex (see
Tables 1.1 and 1.2 in the previous Chapter). It is worth pointing out, though,
that the double mutation increases the d(Hjp -OH) distance range (from 2.67
A t0 3.16 A in WT 15-LOX-1 and from 2.19 to 3.68 A in mutant 15-LOX-
1), probably due to the extra space available: C1o/Hjg can get closer to the
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Fe(IIT)-OH™ cofactor but there are also reactive minima at longer distances.

The values of the /(C-H-O) angle, also given in Tables and
indicate the degree of linearity of the H-abstraction process. At reactant
structures there is a relevant dispersion of /C-H-O angles, all of them being
far from linearity for Hjg-abstraction, as well as for Hjs-abstraction struc-
tures, with the exception of structure VI (Hjg) and structure XIV (H;3) that
have /(C-Hjp-O) and /(C-H;3-O) angles of 177.5° and 177.3°, respectively.
On the other hand, as in AA:WT/15-LOX-1, the Hyp- and Hjs-abstraction
TS structures are more alike around the transferring hydrogen atom than the
corresponding reactants minima. That is, the dispersion of the d(Cyo/Hyg -
OH) and d(Ci3/H13 -OH) distance values is smaller at the TSs than at
reactants. Moreover, the three atoms involved in the H-abstraction process
are almost collinear (the /(C-H-O) angle ranges from 161° to 174°) at all the
TS structures, and also the /(H-O-H) angles are more similar among the TS
structures than at reactants.

Table 5.3: Main geometric parameters of the reactant and TS of the structures selected
for His abstraction. Distances are given in A and angles in degrees.

Structure d(ng—OH) d(Cl3—H13) d(Cl3—OH) Z(Clg—ng—O) Z(H13—O—H)
R TS R TS R TS R TS R TS

XII 2.9 127 110 134 3.79 2.6 1379  169.7 91.5 102.0
XIII 2.9 1.3 1.09 131 3.78 2.6 1374 169.2 94.2  103.8
XIvV 255 129 110 134 364 262 1773 1739 101.8 102.2
XV 279 132 110 131 3.78 261 1493 165.7 93.5  99.0

XVI 289 129 110 133 3.8 260 1484 168.7 98.7  106.0
XVII 3.04 126 1.10 135 393 259 1382 167.1 91.9 103.3
XVIII 239 129 110 133 343 262 156.6 1725 1105 103.9
XIX 2.48 1.3 1.10 131 344 2.61 1456 173.0 99.2  103.0
XX 233 132 110 130 327 262 1422 169.1 112.6 102.2
XXI 288 131 110 132 384 263 1453 1726 1242 105.0
XXII 243 132 110 131 348 262 1586 172.0 1094 102.7

In this respect, our results demonstrate again that the Hyg/Hjo-
abstraction processes present identical mechanisms and very similar TS struc-
tures, so corroborating the suggestion made by Holman and co-workers 252
Therefore, the conformational variability of AA with respect to the OH™
group around the Cig/Hyp or Ci3/His bonds is greater among the set of
reactive structures before the H-transfer takes place than among the set of
transition state structures when the shifting hydrogen is already transferring.

The energy penalty for the H-abstraction process must depend some-
how on these geometrical differences among the productive AA:15-LOX-1
mutant structures, however, the correlation with a unique geometrical pa-
rameter is not straightforward. That is, shorter Ci3/H;3-OH distances do
not always involve lower barriers. When the difference between d(H;3-OH)
and d(Hj9-OH) distances at one given minimum energy structure is rather
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large (i.e. more than 1 A), the simulations have shown a correlation with the
potential energy barrier: longer distance means higher barrier. However, our
simulations also have shown that there exists a wide dispersion of geome-
tries of the AA:Leu597Ala-Ile663Ala/15-LOX-1 Michaelis complex, as well
as of the AA:WT/15-LOX-1 one, in a good disposition to transfer Hys or
Hjp, or even both, to the acceptor oxygen atom, being the difference in the
d(H;3-OH) and d(H;0-OH) distances rather small. In those cases, the calcu-
lations on the AA:WT/15-LOX-1 system revealed that there is not a clear
correlation with the H-abstraction barriers heights.

Table 5.4: Potential energy barriers AE* (kcal/mol), and exponential average potential
energy barriers AEi\,erage (kcal/mol) for Hio- and Hiz-abstractions

Structure Abstraction AE* Structure Abstraction AF}

I Hio 25.47 XII Hs 25.41
11 Hig 2485  XIII H3 22.81
111 Hio 1546  XIV H3 23.6
v Hig 12.64 XV H3 19.49
\% Hig 15.80  XVI H3 23.76
VI Hio 12.84  XVII Hs 24.95
VII Hio 15.96  XVIII H3 20.22
VIII Hio 16.08  XIX Hs 17.46
X Hio 18.54 XX H3 17.51
X Hio 21.03  XXI Hs 20.88
XI Hig 1852  XXII H3 17.43
AB crage = 13.70 AFE erage = 18.20

For the double mutant of the AA:15-LOX-1 complex studied here,
the potential energy barriers along with the exponential average potential
energy barrierst8®I8LI8Y are oiven for the Hyg-abstraction (I-XI structures)
and the Hjg-abstraction (XII-XXII structures) processes in Table It can
be observed that the two structures (IV and VI) that present the lowest bar-
riers for Hyp-abstraction (12.6 and 12.8 kcal/mol, respectively), have quite
different d(Hyo-OH) distances at the reactant minima (2.60 and 2.19 A, re-
spectively). Structure XI, that has the greatest d(Hyo-OH) distance (3.68 A)
among the selected reactive structures, does not present the highest potential
energy barrier. Moreover, two structures with the same d(H19-OH) distance
of 2.58 A (structures VII and IX) present a difference of 2.6 kcal/mol in
the potential energy barrier heights. This confirms in the AA:Leub97Ala-
[le663Ala/15-LOX-1 mutant, as we already concluded for the AA:WT/15-
LOX-1 complex, that the d(H;3-OH) and d(H19-OH) distances are not the
unique factor, and not even the most important in many cases, contributing
to the energetic penalty of the rate-limiting H-abstraction step.
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When the Hjp-abstraction energy profiles (structures I to XI), calcu-
lated here in the AA:Leub597Ala-Ile663Ala/15-LOX-1 mutant complex, are
compared with the corresponding energy profiles in the AA:WT /15-LOX-
1 system (see Table 4.3 in Chapter 4) the most relevant difference is that
much lower potential energy barriers are obtained for the AA:15-LOX-1 dou-
ble mutant. Potential energy barriers for Hjg-abstraction as low as 12.6 and
12.8 kcal/mol, and some others in between 15.5 and 16.1 kcal/mol are ob-
tained in the mutant (Table [5.4), whereas in AA:WT/15-LOX-1 the lowest
Hjp-abstraction potential energy barrier had a value of 22.7 kcal /mol (Table
1.3 in previous Chapter). In contrast, the Hjs-abstraction potential energy
barriers (structures XII-XXII) do not experiment such a big change in the
AA:15-LOX-1 double mutant, even though the barriers obtained for the mu-
tant move to a somewhat lower energetic range than those obtained for
AA:WT/15-LOX-1 (which presented a lowest Hjz-abstraction potential en-
ergy barrier of 18.6 kcal/mol). An estimation of the exponential average po-
tential energy barriers for Hyp and Hyz-abstractions has been calculated from
the individual potential energy barriers given in Table[5.4 using the exponen-
tial average (equation 4.4) ISUISLISY For the mutant, the obtained exponen-
tial average potential energy barriers are 13.7 kcal/mol for Hjp-abstraction
versus 18.2 kcal/mol for Hjs-abstraction at T = 300 K, clearly indicating
that Hig-abstraction is preferred.

For AA:WT/15-LOX-1 it was shown that the regioselectivity of this
enzyme, that is, the C13:Cqq ratio of 97:3, is mainly due to the difference be-
tween Hjs- versus Hig-abstraction potential energy barriers, being the differ-
ence between the exponential average potential energy barriers of 4 kcal /mol
favoring Hys-abstraction. In the AA:Leu597Ala-Ile663Ala/15-LOX-1 mutant
Hj abstraction is favored versus Hyg by 4.5 kcal/mol. So this in silico mu-
tagenesis experiment seems to suggest a way to convert a 15-lipoxygenating
enzyme into a 12-lipoxygenating one. In the previous study on AA:WT/15-
LOX-1, it was concluded that the steric hindrance imposed by the side chains
of residues Leub97 and Ile663 was an important molecular factor controlling
regioselectivity when Hjsz- versus Hjg-abstraction processes were compared.
The present study confirms the importance of those two large conserved
hydrophobic residues in the active site of 15-LOX-1. In their presence the
geometric evolution that AA needs to do along the Hyg abstraction is signif-
icantly hindered, but has no role when Hjj is transferred. When those two
bulky residues are mutated to smaller ones, Hig abstraction is not impeded
anymore and the regioselectivity of the hydrogen abstraction from AA is
inverted.
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5.3.3 Experimental results

The work presented here has been carried out in collaboration with the group
of Prof. Hartmut Kiihn, who designed an experiment to test our hypothesis of
the effect of Leu597Ala-1le663Ala mutation in the reaction specificity. In this
experiment, different 15-LOX-1 variants were tested, the WT 15-LOX-1, the
single mutants Leu597Ala and I1e663Ala, and the double mutant Leu597Ala-
Ile663Ala. In each case, the product formation pattern was identified by
means of HPLC (High-Performance Liquid Chromatography). However, in
all cases 15-HETE was identified as the major product whereas 12-HETE
only contributed a small share of the product mixture: for the single mutants
Leub97Ala and Ile663Ala, the % of 15-HETE formed was 94.75 and 88.82
%, respectively, and for the double mutant Leu597Ala-Ile663Ala, the % of
15-HETE was 96.33 %.

These results indicate that the regioselectivity of AA oxygenation is
not impacted by the introduction of small residues at the Leub97 and I1e663
positions. The in vitro results apparently contradict the in silico calculations.
However, it is important to note that experiments determine the net regios-
electivity of the overall oxidation process, whereas the theoretical study is
limited to the hydrogen abstraction step, because it is assumed (and it hap-
pens for most systems) that this step governs the global regioselectivity. The
apparent disagreement between both results suggests that this might not be
the case.

5.3.4 Rotation of the peroxy moiety

To solve this obvious discrepancy additional in silico experiments have been
carried out. The entire LOX reaction involves three consecutive elementary
reactions: hydrogen abstraction, addition of molecular oxygen to the penta-
dienyl radical, and back-hydrogen transfer to the peroxy radical. The calcu-
lations presented in the previous section just refer to the first step, whereas
the experimental results correspond to the analysis of the products of the
complete reaction.

Under normoxic conditionst the addition of molecular oxygen ad-
dition to carbon-centered radical is faster than the initial hydrogen abstrac-
tion. In particular, in previous works in our group it has been shown!?123
that the molecular oxygen addition to pentadienyl radicals in AA or linoleic
acid are quite faster than the previous hydrogen transfer. Much less is known
about the third step. Because the molecular oxygen attacks the pentadienyl
radical antarafacially to the leaving hydrogen atom (that is, in the opposite
side of iron atom), a rotation of the peroxy moiety to a suprafacial arrange-
ment is required before the back-hydrogen transfer can occur??¥ The peroxy
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rotation involved in the third reaction step has been theoretically studied in
this section.
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Figure 5.7: Possible dihedral angles involved in the peroxy moiety rotation in a) 12-
peroxyl radical and b) 15-peroxyl radical.

Only structures involving low hydrogen abstraction barriers will be
able to go on towards the molecular oxygen addition. Then, structure III,
with a hydrogen abstraction energy barrier of 15.5 kcal/mol for the Hyy ab-
straction process, and structure XV, with an energy barrier of 19.5 kcal /mol
for the Hys abstraction, have been selected. To generate the corresponding
peroxy radicals, the -OO- moiety has been placed “by hand" in the corre-
sponding carbon atom of the optimized pentadienyl radicals (Cy5 in the Hig
abstraction product and Cj2 in the Hyg abstraction product), in an antarafa-
cial arrangement with respect to the Fe center. The resulting structures have
been optimized at the QM /MM level, yielding the peroxy radical, with the -
OO- moiety bonded to an sp? carbon atom, and two conjugated double bonds
in the remaining pentadienyl system. In each case, the QM part contains the
pentadienyl moiety, the -OO- group, and the Fe and its coordination sphere.

To reach the suprafacial arrangement of the -OO- group the reaction
coordinate has been defined as the rotation around one of the C-C bonds
that contains this -OO- group. To describe this movement a dihedral angle
of the carbon atoms centered on the bond around which the rotation is
performed has been defined. As there are two possible C-C bonds that contain
the carbon atoms of interest, it is possible to define two dihedral angles
in every case: for the peroxy radical in Cio, dihedrals /Cqg-C11-C12-Cys
and /C11-C12-C13-Cq14 have been tested; likewise, for Cq5, dihedrals /ZCq3-
C14-C15-C16 and £C14-C15-C14-C17 were selected. Figure represents the
chemical structures of the 12- and 15-peroxy radical products showing the
two possible dihedral angles in each case.

For each dihedral angle it is also possible to define two rotation di-
rections, clockwise and counterclockwise. Therefore, for every system stud-
ied, four potential energy profiles have been calculated. In the case of the
peroxy radical in Cyo, none of the four reaction coordinates is able to pro-
duce the complete rotation of the -OO-, from an antarafacial to a suprafacial
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arrangement. This is a consequence of the nature of the substrate, which
is very flexible and contains a large number of atoms that need to accom-
modate as the process goes on. When the evolution of the substrate along
each reaction coordinate is visualized, it is observed that the -OO- moiety
can hardly move forward. Instead, the rest of the atoms of AA are the ones
that reorganize when the reaction coordinate progresses. The analysis of the
geometry of structure III before the hydrogen transfer (see Figure b))
permits to understand why. It is observed that the AA tail is not oriented
towards the cavity end, but turned into itself pointing to the AA carboxylate
end. This arrangement is repeated along different structures drawn from the
MD simulations. These structures can be grouped in two main clusters (red

and yellow), that are shown in Figure
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Figure 5.8: Potential energy profiles for the processes involved in the rearrangement of
the peroxy moiety from an antarafacial configuration to a suprafacial configuration.

Structures with this arrangement are precisely the ones that yield
the lower potential energy barriers for the Hjg abstraction process, with
values under 16 kcal /mol. However, when the substrate is positioned in this
fashion, the evolution of the peroxy radical from an antarafacial to a suprafa-
cial configuration is greatly hindered. The AA tail can accommodate in this
position because of the extra space available in the active site gained with
the mutations to smaller residues, but in this situation the rotation along the
C-C bonds is extremely hindered by the AA substrate itself: the AA tail has
very little space to allow the required rotation movement. There are indeed
other different conformations of AA. However, for these other conformations
the potential energy barrier for the hydrogen abstraction is higher than the
more favored Hi3 ones, thus they are not responsible of an alteration in the
regiospecificity. On the contrary, when the Hyg abstraction step is favored,
the evolution of the peroxy radical from antarafacial to suprafacial is highly
impeded, so the regiospecificity is not globally affected.

In the case of the peroxy radical in Cj5 the reaction coordinate
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a) b) w

Figure 5.9: Minima corresponding to a) the antarafacial and b) the suprafacial form of
the 15-peroxy radical structure. Only the most relevant atoms are shown.

corresponding to the clockwise rotation of the dihedral angle /Cq3-C14-Cq5-
Ci6 leads to a suprafacial arrangement of the -OO- group with the lowest
energy barrier (Figure a)). This profile does not exhibit a smooth curve,
but the difference between the lowest and the highest energy points is around
5 kcal/mol, which is lower than the hydrogen abstraction potential energy
barrier. Therefore, hydrogen abstraction is still the rate limiting step in this
case. The suprafacial energy minimum (202 degrees, 3.1 kcal /mol above the
antarafacial structure) has been optimized leading to the structure shown in
Figure (now the dihedral angle turns out to be 130.4 degrees), when
it is compared with the corresponding antarafacial structure (Figure )
The change in the dihedral angle value when the optimization is carried out
occurs because there are other regions of the substrate that can be relaxed.

Thus, it has been shown that for the oxidation product in Cys, the
rotation pathway to evolve from an antarafacial to a suprafacial conformation
is not hindered. When the structure studied here is look closely, it is observed
that the AA tail is positioned towards the end of the active site cavity (Figure
, contrarily to the oxidation product in Cig, in which the AA is twisted
to the opposite side as in Figure 5.5p. When the AA skeleton is extended
occupying the total length of the active site cavity, the rotation movement
that AA undergoes to approach the -OO- group to the Fe is not hindered,
allowing this process to occur with low energetic cost.

After the substrate has evolved from an antarafacial to a suprafacial
arrangement, more conformational changes are needed before it is ready to
undertake the third step of the reaction mechanism. The outermost oxygen
atom of the -OO- moiety is not directed towards the catalytic iron, and an
additional rotation movement is required to approach this oxygen to one of
the hydrogens of the Fe(II)-OHz group. To this aim we have defined the dihe-
dral angle /H15-C15-O 4-Op as the reaction coordinate. The corresponding
potential energy profile exhibits a smooth curve in this case (see Figure )
The pathway for the rotation is not hindered as there are not any residues
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in the proximity of the oxygen atoms of the -OO- moiety. This process has a
low energetic cost, with a potential energy barrier of about 5 kcal /mol to get
to the first minimum, where the outer oxygen atom (Op) is already quite
close to the hydrogen atom that will be back transferred. This minimum has
been optimized, yielding the structure shown in Figure [5.10

Figure 5.10: Peroxy radical structure ready for the back-hydrogen transfer from the
Fe(I1)-OH; cofactor to the -OO- moiety. The outermost oxygen atom of the -OO- group
is pointing to one of the hydrogen atoms of the cofactor after the rotation of the group
around the dihedral angle /H15-C15-O4-Op

5.3.5 Reduction of the peroxy radical and regeneration of
the Fe(III)-OH" cofactor

The structure shown in Figure [5.10] is ready to initiate the third step of
the reaction mechanism, the reduction of the peroxyl radical to the final
hydroperoxide, and the regeneration of the Fe(III)-OH- cofactor. One of the
hydrogens of Fe(II)-OHs can be transferred to the -OO- moiety. The reaction
coordinate for this process has been defined as the difference between the
breaking bond (O-H of the OH; in the cofactor) and the forming bond (O-
H of the final -OOH group). The corresponding potential energy profile is

shown in Figure
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Figure 5.11: Potential energy profile for hydrogen transfer from the HoO molecule of the
Fe(I1)-OH; cofactor to the -OO- moiety of the peroxy radical.
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The process proceeds with a potential energy barrier of 16.05 kcal /mol.

A transition state structure has been localized using a small core of 8 atoms:
Fe(I1)-OHy cofactor, the -OO- moiety, C15 and Hys. This barrier is lower
than the potential energy barrier obtained for the hydrogen abstraction in
this structure, which is of 19.5 kcal/mol. Then, the third step is not the
rate limiting step. The process is endoergic, with a reaction energy of 2.78
kcal /mol. Figure shows the structure of the stationary points of this
reaction.

c) Py

Figure 5.12: Representations of a) reactant, b) transition-state and ¢) product struc-
tures of the hydrogen transfer from the Fe(IT)-OHz group to the peroxy radical. Only the
substrate and the cofactor atoms are shown for simplicity.

For this back-hydrogen transfer step a PCET (Proton coupled elec-
tron transfer) mechanism takes place. The evolution of the spin density (ex-
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pressed as the excess of « spin) during the hydrogen transfer has been eval-
uated. Figure [5.13] shows the spin densities of Fe, the oxygen atoms of the
-O0O- moiety, and the hydrogen transferred from the Fe(II)-OHs cofactor
along the reaction coordinate.
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Figure 5.13: Evolution of the spin densities on atoms Fe (yellow), O4 (red), Op (cyan)
and H (purple) and NPA charges on H (grey) during the hydrogen atom transfer from the
Fe(II)-OH; cofactor to the -OO- moiety in the substrate.

The spin density of Fe increases from 3.7 to 4.2 a.u., as it would
correspond to the transition from a Fe(II) quintet configuration to a Fe(III)
sextet configuration. Spin densities of the oxygen atoms from the -OO- moi-
ety decrease from 1 a.u. ( 0.3 a.u. on O4 and 0.7 a.u. on Op) in the peroxy
radical, which indicates the presence of one unpaired electron, to zero in the
hydroperoxy product, showing that this group has accepted another electron
that reduces the radical. The spin density of the hydrogen atom transferred
remains virtually zero during the process, suggesting that this atom corre-
sponds to a proton. When the atomic charge over this atom is analyzed, this
result is confirmed: the NPA (natural population analysis)*™ net charge has
a value near 0.5 a.u. during the reactive process. The electron that reduces
the radical proceeds from the catalytic iron, which is oxidized from Fe(II)
to Fe(III). So finally, the catalytic iron recovers its Fe(III) oxidation state
and the OH- group is regenerated; then the Fe(III)-OH- cofactor is ready to
initiate a new catalytic cycle.

5.4 Conclusions

In this chapter a work combining molecular dynamics simulations plus quan-
tum mechanics/molecular mechanics calculations has been carried out to
show that the double mutant Leu597Ala-Ile663Ala of rabbit 15-LOX-1 mostly
catalyzes the hydrogen abstraction reaction from Cig of arachidonic acid
versus hydrogen abstraction from Ci3. The results confirm that both bulky
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residues, Leud97 and Ile663, drastically hinder the geometric motion that
arachidonic acid needs to undergo to abstract a hydrogen from Cjg, this
way driving the hydrogen abstraction regioespecificity in wild type enzymes
towards abstraction of a hydrogen from Cj3. This hindrance does not exist
in the double mutant. So, this in silico mutagenesis experiment apparently
suggests a way to convert a 15-lipoxygenating enzyme to a 12-lipoxygenating
one. However, site-directed mutagenesis together with HPLC analyses show
that 15-HETE is the major product for both wild type and the double mu-
tant enzyme, this way keeping invariant the regioselectivity of the whole
hydroperoxidation process (15-lipoxygenating).

That apparent discrepancy between theoretical and experimental
results can be understood if one realizes that the calculations only refer to
the first step of the reaction, whereas the experimental results are based
on the analysis of the products of the whole hydroperoxidation process. In
particular, the key point lies on the conformational reorganization that the
system must undergo to make it possible the back-hydrogen transfer (third
step). After the molecular oxygen addition, the -OO- group, either at Cjo
(after Hyg abstraction) or Cy5 (after Hyg abstraction), is set in an antarafacial
arrangement with respect to the Fe center, from where the back-hydrogen
is not possible. Our QM /MM calculations show that the rotation of the -
OO- group towards a suprafacial arrangement is quite easy in the case of
the peroxy radical in Ci5, but it is highly impeded and cannot be performed
when the peroxy radical is in Cjyo.

To summarize, mutation of the bulky residues Leub97 and Ile663 to
shorter ones creates an extra space inside the active site where arachidonic
acid can accommodate in such a way that the hydrogen abstraction reaction
from Cyg is faster than from Cy3. However, the peroxy radicals so formed
at Cpo are unproductive because those arachidonic acid configurations that
favored the Hig abstraction prevent by steric hindrance the required rotation
to a suprafacial arrangement to lead to the final hydroperoxy product. Then,
the global regioselectivity of the reaction turns out to be the same for wild
type and the double mutant Leu597Ala-Ile663Ala of rabbit 15-LOX-1, as
has been experimentally demonstrated. Thus, it has been presented here an
example of hydroperoxidation of arachidonic acid catalyzed by lipoxygenases
where the regioselectivy of the initial hydrogen transfer reaction (the step
generally assumed to be the rate determining one) and the whole regioselec-
trivity do not coincide.

The results presented in this Chapter have been published in paper:

e ChemPhysChem, vol. 17, no. 20, pp 1439-7641, 2016



Chapter 6

Ile4d18Ala 15-LOX-1 mutant

6.1 Introduction

To get a deeper insight into the factors governing the reaction specificity of
15-LOX-1, another strategy to transform it into a 12-lipoxygenating enzyme
has been studied in this Thesis. According to the spatial hypothesis eplained
in Section 1.2.3 in the Indtroduction Chapter, in 15-LOXs there are three
critical amino acids at the bottom of the cavity (“triad concept”) that position
the substrate fatty acid in agreement with the enzyme dual regiospecificity.
In rabbit 15-LOX-1 these three residues are Ile418, Phe359 and Ile593 40
Experimentally, multiple mutagenesis studies (23, 24, 27, 29, 40) on a number
of mammalian 15-LOXs have previously confirmed the triad concept, and
an Ala-scan of the triad determinants of rabbit 15-LOX-1 indicated that
a single Ile418Ala exchange (referred also as the major Sloane position) is
sufficient to completely convert the reaction specificity of this enzyme from

lled18 Ala418
* “x
> | AA :
: OH : OH
Fe Fe

Figure 6.1: Representation of the starting structure (left) employed to generate the
mutant Ile418Ala (right).
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15- to 12-lipoxygenation (23). This in vitro conversion from a 15- to a 12-
lipoxygenating LOX by means of the I[le418 Ala mutation has been explained
according to the spatial hypothesis with the AA bound in tail-first orientation

(Figure

In this Thesis the study of in silico lle418Ala mutation has been
carried out for rabbit 15-LOX-1 to gain further molecular insights into this
specificity shift induced by mutations. The theoretical work presented in
this Chapter was developed in collaboration the experimental group of Prof.
Kiithn. Moreover, they propose that this single residue is involved in an evolu-
tionary switch, as lower mammals (mice, rats, pigs) express 12-lipoxygenating
15-LOX-1 orthologs but higher developed primates including human ex-
press 15-lipoxygenating isoenzymes. Rabbit, which expresses 15-LOX-1 and
presents an Isoleucine in this position, is an exception.

6.2 Methodology

Following the same procedure explained in the Methodology section of the
previous Chapter, the single mutant I[le418Ala has been generated from a
previous structure of the Michaelis complex of the WT system changing
Ile418 to an Alanine by the mutator plugin of VMD2X2 As done before, the
starting coordinates of WT structure correspond to the reactant minimum
of the structure XI, which is prepared to react with both H1p and H;3 in the
hydrogen abstraction process.

Next, the molecular configurations of the Ile418Ala mutant AA:15-
LOX-1 complex were generated by MD simulations. The MD protocol ap-
plied for the Ile418Ala mutant was the same for the Leub597Ala-Ile663Ala
mutant. Thus, three independent trajectories of 5 ns of production runs
were carried out for the Ile418Ala mutant initiated with a slightly inde-
pendent protocol, giving a total of 15 ns of production run. Likewise, the
QM /MM calculations setup for the reactivity study of the catalytically pro-
ductive AA:Ile418Ala/15-LOX-1 complexes was the same as in the previous
Chapter.

6.3 Results and Discussion

6.3.1 Multiple binding modes of the AA:Ile418Ala/15-LOX-
1 complexes

As has been previously done for the Leu597Ala-Ile663Ala mutant of rabbit
15-LOX-1, the three non-correlated simulations carried out to explore the
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conformational landscape of the AA:Tle418Ala/15-LOX-1 mutant system are
referred here as trajectory 1 (TRJ1), trajectory 2 (TRJ2) and trajectory
3 (TRJ3). The RMSD of the protein backbone with respect to the initial
structures, and the RMSD of the 20 carbon atoms of AA with respect to
the substrate average structure along TRJ1, TRJ2 and TRJ3 are shown in
Figure [6.2]

It can be observed that the three protein RMSDs with respect to
the initial structure level off at a value around 1.5 A, so indicating that
the protein in the AA:Ile418Ala/15-LOX-1 mutant systems has relaxed to
a more stable structure. The average RMSDs values for AA along TRJ1
and TRJ2 are very similar: 1.10 (0.46) A and 1.13 (0.45) A, respectively
(standard deviation in parentheses). In both trajectories, however, there is
a peak in the RMSDs evolution reflecting a clear reorientation of the AA
molecule during a certain period of the simulation. The average RMSD for
AA along TRJ3 is greater (1.78 (0.56) A) because the substrate changes its
configuration more frequently in this third simulation.

Table 6.1: Average distances of interest during the production steps of the MD simulations
of the Ile418Ala mutant. Distances are given in A along with the standard deviation
included in parentheses. Only pro-S hydrogen are shown here.

Geometric parameter TRJ1 TRJ2 TRJ3
d(C13-OH) 5.82 (0.61) 6.09 (0.68) 4.53 (1.05)
d(C10-OH) 5.28 (0.63) 3.84 (0.53) 4.11 (0.47)
d(Hy3-OH) 6.20 (0.71) 6.02 (0.77) 4.43 (1.32)
d(H19-OH) 4.84 (0.85) 3.21 (0.92) 4.43 (0.82)

In Table the average distances d(C19-OH), d(H19-OH), d(Ci3-
OH), and d(Hy3-OH) are given for the three trajectories. The hydrogens
His and Hjg referred here are the pro-S hydrogens. The results for TRJ1
and TRJ2 indicate that the d(C13-OH) average distances are greater than
the d(C10-OH) ones. Similarly, the d(H;3-OH) average distances are greater
than the corresponding d(H19-OH) average distances. Moreover, Hio seems
to be, in average, better oriented for being abstracted than Hjs in TRJ1
and TRJ2 as the d(H19-OH) values are smaller than the d(C19-OH) ones,
whereas for the same two trajectories, d(H13-OH) is greater or nearly equal
than d(Ci13-OH). In principle, this result would be in agreement with the
behavior as a 12-lipoxygenating enzyme, (i.e. preference for Hjy abstraction
and oxygenation at Cpa) of the AA:Ile418Ala/15-LOX-1 mutant observed
experimentally. However, these results of a geometric parameter (average dis-
tances) extracted from the MD simulation of the substrate:protein Michaelis
complex must be analyzed with great care. In fact, the results for TRJ3 seem
to contradict the outcome of the two other trajectories because the d(Cjs-
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(e) Protein RMSD in TRJ3.

(f) AA RMSD in TRJ3.

Figure 6.2: Protein and AA RMSDs during the MD production steps. Protein RMSD
has been calculated with respect to the starting coordinates of the production step (=
last coordinates of the equilibration step), whereas AA RMSD has been calculated with
respect the average of the production step coordinates.
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OH) average distance is still somewhat greater than the d(C1o-OH) average
distance, but the d(H;3-OH) and d(Hj9-OH) average distances turn out to

be equal.
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Figure 6.3: Evolution of distances of interest and histograms during the production step
for the mutant Ile418Ala.

A more detailed information is provided by the evolution of the
distances along the MD trajectories. Figure shows the evolution of d(Cjo-
OH) and d(C13-OH) along the three trajectories, along with the histogram
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charts of the values explored by these two geometric parameters during the
trajectories. Again, it is observed that Cig methylene is clearly closer to the
Fe(III)-OH cofactor than C;3 in TRJ1 and TRJ2. In TRJ2 C;3 approaches
to the oxygen atom at ~1.5 ns, but it quickly moves away to a more distant
position that keeps during the rest of the trajectory. In TRJ3, Ci3 gets to
a close distance to the oxygen atom of the cofactor, which is similar to the
Cyo distance, during more than 3 ns, but at the end of the simulation Ci3
moves further away whereas Cig approaches.

It has to be noticed that in the previous study on the AA bind-
ing to wild type 15-LOX-1,% the d(Cjo/H10-OH) average distances ob-
tained from MD trajectories were comparable to or even shorter than the
d(C13/H13-OH) ones, in apparent contradiction to the experimental prefer-
ence for Hi3 abstraction of WT 15-LOX-1. In that study, it was concluded
then that the similar average values obtained for the d(Cig/Hi0-OH) and
d(Cy3/H13-OH) distances in the simulations of the AA:WT /15-LOX-1 com-
plex reveal that those two carbon atoms are not really in structurally dif-
ferent locations in a great number of the generated conformations for AA
at the active site of 15-LOX-1. In fact, both carbon atoms can be simul-
taneously located close enough to the OH- molecule for the corresponding
H-abstraction processes being plausible. The same conclusions are applica-
ble for the AA:Ile418Ala/15-LOX-1 complex, although a global structural
change can be observed in comparing the average distances of AA:WT/15-
LOX-1 and mutant AA:Ile418Ala/15-LOX-1 complexes. The relevant result
is that the difference in average distances [d(C13-OH) - d(C;9-OH)| moves
to clearly greater values in the Michaelis complex of the Ile418 Ala mutant
than in WT 15-LOX-1. That is, C13/H;3 are farther away from the OH
group with respect to C19/Hjo in the AA:Ile418Ala/15-LOX-1 mutant than
in AA:WT/15-LOX-1.

To get deeper insights into the structural alterations in AA posi-
tioning provoked by the Ile418Ala mutation, additional geometric parame-
ters measured from the MD simulations are reported here. As the mutated
residue, Ala418, is located at the end of the active site cavity, the hydrophobic
interaction of the AA tail, the methyl end, with Ala418 has been character-
ized in terms of distances of the closest atoms. Table [6.2] shows the distances
of AA Cy to the carbon atoms of the protein backbone in residue 418 in both
mutant and WT systems. The results corresponding to the MD simulations
of the AA:WT/15-LOX-1 have been taken from reference.*®

TRJ1 and TRJ2 of the mutant Ile418Ala clearly exhibit shorter
d(Cgp-Ca-Ala/Ile418) and d(Cap-CO-Ala/I1e418) values than the correspond-
ing to the three WT trajectories. Mutant TRJ3, which presents the largest

distance values of the three Ile418Ala simulations, shows similar distances
(but still somewhat smaller) to the results of WT TRJ2 and TRJ3. These re-
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sults indicate that the 1418 side-chain prevents the approximation of the AA
tail to the residue backbone, whereas in the Ile418Ala mutant, the smaller
methyl side-chain facilitates this approach. Therefore, it seems that AA is
shifted to a deeper position inside the binding pocket as suggested by the
spatial hypothesis for explaining the enzyme reaction specificity.

cavity
bottom

Figure 6.4: Measurement of C1o-O-H angle. The migration of AA towards the bottom of
the cavity in the Ile418Ala mutant (bottom of the Figure) provokes an increase of the Cyo-
O-H value, with respect to the WT (top), the position of the Fe-coordination environment
is not affected by the mutation.

Another geometric parameter measured to corroborate the spatial
hypothesis were the average C19-O-H and C13-O-H angles: greater values in-
dicate a deeper location into the active site cavity for the measured carbon
(see Figure . The results are shown in Table Again, these results are
compared with the results measured from AA:WT/15-LOX-1 MD simula-

tions<® (Table :

Here we observe that the /(C;3-O-H) and Z(C1p-O-H) values cor-

Table 6.2: Average distances of AA Cy to residue 1le418 (WT) and Ala418 (mutant)
during the production steps of the MD simulations. Distances are given in A along with
the standard deviation included in parentheses.

Trajectory d(Cgz9-Ca-Ala/Ile418) d(Cz9-CO-Ala/Ile418)

WT 1 13.42 (1.11) 13.20 (1.20)
WT 2 7.45 (0.90) 7.61 (0.95)
WT 3 7.75 (0.76) 7.57 (0.77)
Mutant 1 5.23 (1.02) 5.03 (1.05)
Mutant 2 5.15 (0.39) 5.33 (0.61)
Mutant 3 7.15 (1.81) 7.14 (1.93)
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Table 6.3: Average angles for WT and mutant Ile418Ala MD production trajectories.
Angles are given in degrees, and SD values are in parenthesis.

Trajectory /(Ci13-O-H) /(C10-O-H)

WT 1 87.6 (11.1)  61.1 (13.3)
WT 2 86.1 (21.3)  56.3 (19.6)
WT 3 66.6 (12.9)  46.6 (10.2)

Mutant 1 102.5 (8.2) 75.6 (9.7)
Mutant 2 101.1 (8.0)  80.2 (12.5)
Mutant 3 103.7 (11.6)  69.2 (15.9)

relate with the position of these carbons in the active site: greater values
indicate that these carbon atoms are located deeper in the active site (see
Figure . Accordingly, the /(C13-O-H) angles in WT 15-LOX-1 as well as
in the mutant are greater than the /(Cpo-O-H) values. More significantly,
the /(Cy3-O-H) and /(Cy9-O-H) values in the mutant are greater than in
WT 15-LOX-1. It is also interesting that angles /(Cjo-O-H) in the mutant
exhibit similar values to the angles /(C13-O-H) in the WT.

Taken together, the results presented here demonstrate that AA
migrates deeper into the cavity of the mutant enzyme for the global set of
AA structures. The new configuration of the mutant allows Cig to occupy
the position of Cq3 in the WT, which could be the reason for the inversion of
the regiospecificity. This displacement is due to the increase of free space at
the bottom of the cavity left by the [le418Ala mutation. All these structural
analyses give a preliminar idea of the alterations of the binding modes of AA
caused by the Ile418Ala mutation. However, as revealed the reactivity study
of AA:WT/15-LOX-1,(Chapter 4) the analysis of the molecular factors that
determine regioselectivity must be done over the set of reactive structures
ready to initiate the H-abstraction process. The selection criterion adopted
here to filter that set of reactive structures is the same as has been applied
in the previous studies: d(H;3-OH) or d(Hyp-OH) < 3.0 A and d(C;3-OH)
> d(H13-OH) or d(C10-OH) > d(H10-OH), respectively, thus ensuring that
the corresponding C-H bond is properly oriented for hydrogen abstraction.
In this way, two groups of reactive structures were extracted from the set of
MD trajectories: structures suitable for His-abstraction and those suitable
for Hyg-abstraction.

Next, a clustering analysis was carried out within those two groups
based on the RMSD of AA heavy atoms. Figure shows the clusters of the
set of structures suitable for Hyy abstraction. In Figure [6.5] a representative
reactive structure for Hyg-abstraction of the AA:Tle418Ala/15-LOX-1 mutant
complex has been depicted overlaid with one of the reactive configurations
for Hiz-abstraction of the WT system. In these structures, it can be observed
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the displacement of AA towards the cavity bottom in the mutant enzyme
as well as the approach of the AA methyl end to the backbone of Ala418 in
agreement with the spatial hypothesis.

Arachidonic
297 A ‘\\ ///2_51 A Acid

{
{ X
fo W Y Cwé‘(}»
L 'E_dH Arachidonic Arachidonic
) Acid OH " Acid
e Fe

Figure 6.5: Overlay of AA:WT/15-LOX-1 (orange) and AA:Ile418Ala/15-LOX-1 (blue)
active sites from two snapshots of the MD trajectories of both in silico models. The
location of the arachidonic acid molecule with respect to the OH group is shown. AA, OH
and Fe are represented in sticks and Cig, Ala 418 and I1e418 are represented in ball and
sticks.

6.3.2 Study of the hydrogen-abstraction step

Representative structures from the most populated clusters were then opti-
mized and the corresponding reactant minima were located on the QM /MM
potential energy surface. From those minima, the potential energy profiles
for the Hjp-abstractions (structures I to X), and Hjs-abstractions (struc-
tures XI to XX) were calculated, and the corresponding transition state
structures were located. Geometric parameters of interest of the optimized
reactant minima and TS structures are given for the structures selected for
Hyp and H;j3 abstractions in Tables and respectively. The d(Hjo-
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(a) Trajectory 1. (b) Trajectory 2. (c) Trajectory 3.

Figure 6.6: Representation of the most populated clusters of the structures that fulfill
the selection criterion for the Hig abstraction process.

OH) and d(C1p-OH) distance values at the reactant minima for structures
I to X range from 2.43 to 3.17 A and from 3.28 to 3.67 A, respectively. In
these structures the smallest d(H13-OH) and d(C;3-OH) distances are 5.21
and 4.39 A, respectively. For structures XI to XX, Ci3 is located at reactive
distances and Hjg is closer than Hig to the OH group. On the other hand,
as in AA:WT/15-LOX-1, the Hyg- and Hjys-abstraction TS structures are
more alike around the transferring hydrogen atom than the corresponding
reactant minima (for Hyg-abstraction TSs, d(H19p-OH) and d(C1o-OH) range
from 1.29 to 1.37 A and from 1.26 to 1.35 A, respectively; the corresponding
d(H;3-OH) and d(C13-OH) for Hys-abstraction TSs range from 1.32 to 1.36
A and from 1.29 to 1.31 A, respectively). Moreover, the three atoms involved
in the H-abstraction process are almost collinear (the /(C-H-O) ranges from
165° to 176°) at all the TS structures.

Table 6.4: Main geometric parameters of reactants and T'Ss of the structures selected for
Hio abstraction. Distances are given in A and angles in degrees.

Structure d(Hlo—OH) d(Clo—ng) d(Clo—OH) Z(C—Hlo—O) Z(Hlo—O—H)
R TS R TS R TS R TS R TS

I 279 136 110 128 344 262 1178 1652 815 945
1I 267 136 110 1.28 351 262 1332 166.7 743 941
11 270 135 110 128 328 263 1124 1762 754 100.5
v 263 137 110 126 329 263 117.7 1733 81.5 994
\Y% 3.17 136 110 1.28 347 2.63 96.6 173.7 62.0 978
VI 257 130 1.09 135 366 264 172.0 172.0 982 103.7
VII 260 130 1.09 134 3.67 263 1629 1734 89.1 103.0
VIII 258 129 110 133 3.63 261 1620 172.3 91.9 100.9
IX 243 131 110 130 352 261 171.6 1764 875 978
X 254 130 110 1.32 359 262 160.0 1747 954  97.2

In this respect, our results demonstrate again that the Hjs/Hjg
aASabstraction processes present identical mechanisms and very similar tran-
sition state structures, and that the abstraction barrier heights must depend
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Table 6.5: Main geometric parameters of reactants and T'Ss of the structures selected for
His abstraction. Distances are given in A and angles in degrees.

Structure d(H13-OH) d(C13-H13) d(Clg-OH) Z(C-H13-O) Z(H13-O-H)

R TS R TS R TS R TS R TS
XI 247 133 110 131 342 263 1450 1721 108.8 105.0
XII 298 133 110 1.31 391 264 1435 1757 99.9 105.7
XIII 222 134 110 130 331 263 171.0 1723 1014 103.0
XIvV 246 136 110 1.30 3.53 265 161.6 169.7 111.0 105.6
XV 264 136 110 129 373 265 1752 1741 106.2 104.6
XVI 238 132 110 132 345 264 1623 173.6 1204 107.1
XVII 241 134 110 1.30 350 264 171.0 1755 1024 105.3
XVIII 275 135 110 1.30 383 264 169.1 1719 107.1 105.3
XIX 240 134 110 131 348 265 166.2 1744 1123 1074
XX 241 132 110 131 348 263 1628 1726 96.1 103.0

on the geometry of the structures at the reactant Michaelis complex. Among
those geometric parameters, the d(Hi3-OH) and d(Hio-OH) distances are
obviously very important. So, when the difference between d(Hy3-OH) and
d(Hyo-OH) distances at one given structure is large (more than 1 A), there is
a clear correlation with the potential energy barrier: longer distance means
higher barrier. However, in those reactive structures where the difference in
the d(Hi3-OH) and d(H10-OH) distances is rather small, the calculations on
the AA:WT/15-LOX-1 system revealed that there is not a clear correlation
with the H-abstraction barriers heights (see Figure 4.8 in Chapter 4), and
the same is observed here for AA:Tle418Ala/15-LOX-1 (compare the Tables
of geometric parameters and potential energy barriers).

In Table the potential energy barriers are given for the Hyp-
abstraction (I-X structures) and the Hys-abstraction (XI-XX structures) pro-
cesses. It can be observed that the lowest barrier for Hyg-abstraction of 12.8
kcal /mol corresponds to structure IV, for which the d(H;o-OH) distance is
2.63 A, whereas for structure VI, which has a d(H10-OH) distance of 2.57 A,
the potential energy barrier raises up to 29.9 kcal/mol being the highest one.
This confirms in the Ile418Ala mutant that the d(Hi3-OH) and d(Hio-OH)
distances are not the unique factor contributing to the energetic penalty of
the rate-limiting H-abstraction step. Therefore, these structural differences
at the reactants are not the main factor that causes the change in regiose-
lectivity in the mutant enzyme. As for the Hjy abstractions (structures I to
X), the most significant energetic difference with respect to the AA:WT/15-
LOX-1 results is that much lower potential energy barriers are obtained
in the AA:Ile418Ala/15-LOX-1 mutant. Potential energy barriers for Hyo-
abstraction as low as 12.8 and 14.6 kcal/mol, and some others in between
16.8 and 17.8 kcal/mol, are obtained (Table whereas in AA:WT/15-
LOX-1 the lowest Hjg-abstraction potential energy barrier had a value of
22.7 kcal/mol (see Table in Chapter). In contrast, the H;z-abstraction po-
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tential energy barriers (structures XI-XX) do not experiment such a big
change in the AA:Ile418Ala/15-LOX-1 mutant, even though they move to a
somewhat lower energetic range than in the AA:WT/15-LOX-1 complex.

An estimation of the exponential average potential energy barriers
for Hyg- and Hi3- abstractions can be calculated from the individual poten-
tial energy barriers of Table [6.6] by using equation 4.4 of the exponential
average L8OIELISY For the Tle418Ala mutant the obtained average potential
energy barriers are 14.1 kcal/mol for Hjp-abstraction versus 16.5 kcal/mol
for Hys-abstraction at T' = 300K, clearly suggesting that Hjg-abstraction is
preferred.

Table 6.6: Potential energy barriers AE* (kcal/mol), and exponential average poten-
tial energy barriers AE};Vﬂage (kcal/mol) for Hip- and His-abstractions in the Ile418Ala
mutant.

Structure Abstraction AFE* Structure Abstraction AFE!

I Ho 16.80 XI His 21.19
I Hyo 17.50 XII His 21.76
111 Ho 14.63  XIII Hys 15.31
v Hig 12,76 XIV Hy3 16.28
\% Hig 17.79 XV Hys 19.74
VI Hio 20.93  XVI His 18.81
VII Ho 2535  XVII Hys 17.00

VIII Ho 26.79  XVIII Hys 17.92
X Hyo 2062  XIX His 20.23
X Ho 23.96 XX His 17.62

AE}erage = 14.10 AFE} erage = 16.50

The difference between the average energy barrier for Hig in com-
parison with the average energy barrier for Hysz (14.1 vs. 16.5 kcal/mol) is
more than enough to explain the C;3:Cyp hydrogen ratio of 8/92 reported in
mutagenesis experiments. As a matter of fact this experimental ratio would
correspond to a difference of 1.5 kcal/mol at T' = 300 K. Our obtained
difference of 2.4 kcal/mol is quite reasonable taking into account the com-
plexity of the problem. Inside the active site of 15-LOX-1, AA can adopt
an extremely huge number of relative positions. This huge dispersion of ge-
ometries is due to the flexibility of the enzyme residues and, especially, to
the enormous amount of possible positions (including torsions) of AA due to
its high flexibility (AA flexibility is explained in the Introduction chapter).
Most of these structures would react too slowly to have any weight in the
reaction. Some (in fact many) of them (the reactive structures) can react to
yield the products, although with a wide range of rates. The measured rate
of the reaction is the result of the contribution of all the reactive structures,
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with a global rate that can be obtained as a weighted average of the rates
corresponding to the distinct reactive structures. Assuming kinetic control,
the C13:C19 hydrogen abstraction ratio depends on the ratio between the
corresponding rate constants, that is, roughly on the difference between the
corresponding energy barriers. These energy barriers depend on many fac-
tors, not only on a unique geometric parameter (for instance, the distance
from the abstracted hydrogen to the iron-bound hydroxyl).

In rabbit 15-LOX-1 the Ile418Ala mutation alters the position of
arachidonic acid at the active site of 15-LOX-1 in such a way that the fatty
acid substrate slides in deeper into the substrate binding pocket, which is
consistent with the triad concept. This can be clearly seen as an example
in Figure [6.5h. From a molecular point of view, this actually means that,
again, a huge amount of AA positions exists. A lot of new AA positions
(new structures) with the AA deeper into the active site are now accessible
with the [le418Ala mutation. However, there are different ways the tail of AA
can penetrate in the active site, and not all of them involve a closer approach
of Hyp than His to the iron-bound hydroxyl (this is the case of Trajectory
3). However, among the amount of new AA structures now possible in the
Ile418Ala mutant, many reactive structures appear where the corresponding
Hyg energy barriers are lower than the energy barriers corresponding to the
His reactive structures (see Table . These reactive structures that favor
the Hyg abstraction did not exist in WT, and they appear in the Ile418Ala
mutant just because AA slides in deeper into the substrate binding pocket
due to the augment of free space at the bottom of the cavity (see clusters in

Figure .

According to the results previously presented in this thesis, in wild-
type rabbit 15-LOX-1 it was possible to find reactive structures suitable for
Hy3 abstraction, others suitable for Hqg abstraction, and even others appro-
priate for both reactive processes, according to the distance criterion applied,
even when distances are not the unique (nor even the main) factor affect-
ing the potential energy barrier. As the previous results of the Leu597Ala-
[le663Ala mutation confirm, it is the steric hindrance of these (and even
other) bulky residues what provokes the difference observed in the potential
energy barriers for the hydrogen abstraction process (in both WT and the
double mutant). In the case of the Ile418Ala mutation, these bulky residues
still play their role in hindering the evolution of hydrogen abstraction pro-
cess, but this no longer happens to Cig, as it now occupies the former position
of Cy3 as a consequence of the cavity bottom residue mutation.

Thus, the origin of the lower Hjg energy barriers is that the motion
of AA towards the bottom of the active site in the Ile418Ala mutant allows
the appearance of reactive structures where Cig is in the region occupied
by Cis in wild type (and with a similar conformation and environment),
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in such a way that the Hjg abstraction in the Ile418Ala mutant can occur
with similar easiness as Hyz in WT (without steric disturbance). This pro-
duces lower energy barriers for Hip abstraction and drastically alters the
positional specificity. That is, our calculations confirm at molecular level
that the single Ile418Ala mutation converts a 15-lipoxygenating enzyme in
a 12-lipoxygenating one as has been demonstrated experimentally by Prof.
Kiihn.

6.4 Conclusions

In this Chapter a study of the in silico mutant Ile4d18Ala combining MD
simulations and QM /MM calculations has been carried out. The results sug-
gest that AA adopt new types of conformations inside the active site where
the distance distributions of Cig and Ci3 with respect to the oxygen atom
of the Fe(III)-OH cofactor, move to lower values with respect to the WT
system in the case of Cqg, but Ci3 still presents a distance close enough to
initiate the reactive process of Hi3 abstraction. This situation in which both
positions are similarly close to the catalytic iron was also reflected in the MD
simulations of the WT 15-LOX-1 that have been previously carried out in
our group. However, the QM /MM potential energy barriers clearly reveal an
inversion in the reaction specificity, as Hyp abstraction is now more favored in
the mutant that Hi3 abstraction: the difference between the average energy
barrier for Hyp in comparison with the average energy barrier for Hys (14.1
vs. 16.5 kcal /mol) is more than enough to explain the C;3:C19 hydrogen ratio
of 8/92.

As explained by the triad concept, the substrate moves towards the
end of the active site cavity as a consequence of the mutation, that enlarges
the cavity channel. Traditionally, it was thought that the mutation provoked
that Cyp moved to closer distances than Ci3 causing the alteration in the
regioselectivity. However, as has been demonstrated, distances are not the
unique factor. More precisely, both carbon atoms Ciy and Ci3 are close
enough to the catalytic iron in terms of distances, and the mutation Ile418Ala
provokes that Ciyp now occupies the position of Ci3 in WT. What happens
here is that Ci3 position is less hindered during its pathway of hydrogen
abstraction in the WT system than its counterpart Cig. The mutation itself
allows now Cig occupy this less hindered position.

The results of this Chapter have been published in paper:

e PNAS, vol. 113, no. 30, pp. E4266-E4275, 2016



Chapter 7

5-LOX

7.1 Introduction

Human 5-LOX (5-LOX) is the most important member of the lipoxygenase
family. Its importance lies in its anti-inflammatory activity: when it works
alone, 5-LOX transforms AA into pro-inflammatory leukotrienes, but when
it works in combination with 12/15-LOX, 5-LOX can lead to the synthesis
of anti-inflammatory lipoxins by a transcellular processS%19%196 Thys the
conversion of 5-LOX into a 15-lipoxygenating enzyme has been proposed as
an appealing strategy for the induction of lipoxins synthesis and therefore, for
turning an inflammatory activity into an anti-inflammatory oneXb%5l So
the understanding of the factors that control the catalytic properties of LOXs
and, particularly, their regio- and stereoselectivities, is of primary relevance
for biomedicinal and biotechnological purposes. The work presented in this
Chapter consists in the first computational study of the binding modes and
reactivity of human 5-LOX with its natural substrate, arachidonic acid.

7.1.1 Description of the X-ray structures

As has been mentioned in the Introduction Chapter, there are several crystal-
lographic structures of human 5-LOX including a substrate bound form 2%5Y
These structures have been obtained for the so-called human Stable-5-LOX
form of the enzyme, that consists in a stabilized and soluble mutant of h5-
LOX2Y A summary of the available X-ray structures along with their de-
scription is given in Table

Only one of those structures (pdb code 3V992) represents a substrate-
bound form of 5-LOX (AA:Stable-5-LOX-Ser663Asp). Unfortunately, this
crystal structure is poorly solved and lacks some protein regions. While all
the substrate-free structures are highly similar (protein backbone RMSD =
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Table 7.1: Description of the human 5-LOX crystallographic structures available in the
Protein Data Bank.

PDB code Description

308Y Stable human 5-LOX

3V98 Stable human Ser663Asp 5-LOX
3V92 Stable human Ser663Val 5-LOX
3V99 Stable human Ser663Asp 5-

LOX. Subunit A has been crys-
tallized with the AA substrate

0.3 A), the comparison with the substrate-bound form shows an enzyme with
substantial plasticity. Between the unbound and bound systems the enzyme
has suffered a major conformational change, mainly in the region of a-2 helix.
Complex slow motions are therefore involved in the entire AA:LOX binding
process. Hereafter, the substrate-free forms will be referred as apoenzyme or
apo form, whereas the substrate-bound form will be referred as holoenzyme
or holo form.

Based on the crystallographic data available of 5-LOX, two hypothe-
ses have been proposed to explain the substrate access to the cavity: (i) ac-
cess from the residues Phel77-Tyr181 (FY-cork), or, (ii) access from Trp147
which is at the opposite end (Figure ).29 The way the substrate enters
into the binding site will not be discussed here, but the way it is placed
once it has entered. So, from here on head/tail-first orientation refers to the
relative position of AA carboxylate end with respect to Lys409, which is
supposed to play a similar role as Arg403 in rabbit 15-LOX 28197 in such a
way that tail-first orientation means that AA carboxylate end points to the
cavity end where Lys409 is placed, whereas head first means the opposite
orientation.

In structure 3V99-A the substrate appears to be bound in a head-
first orientation with its carboxylate group oriented towards the bottom of
the cavity (at the opposite end of Lys409). However, as the authors them-
selves state3 this orientation has been modeled in a rather approximate
manner since several of the X-ray coordinates of the protein are missing in
its close vicinity (flexible loops from residues 172 to 176, 190 to 198, 294 to
299, 611 to 613, « helix from residues 414 to 429, and terminal [1e673 (Figure
). For this reason, the density of the carboxylate group of the substrate
is not clearly defined, and as the authors caution about, the substrate orien-
tation cannot be unambiguously determined.

The problem of the substrate orientation inside the active site cav-
ity of 5-LOX is still a matter of discussion, as explained in the Introduction
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Figure 7.1: (a) Active site of structure 308Y, showing the residues proposed for substrate
access into the binding site: residue Trpl47 in one end, and residues Phel77 and Tyr181
(FY-cork) at the opposite end. (b) Representation of structure 3V99 (subunit A), showing
the missing fragments with dashed lines; the AA binding mode inferred from the X-ray
diffraction data is also shown.

Chapter. To date, there is not a clear experimental evidence that addresses
this issue. The work presented here is aimed to determine the possible bind-
ing modes of the AA:5-LOX Michaelis complex consistent with its catalytic
properties, that is, preference for pro-S Hy abstraction. Due to the complex-
ity of this system (large dimension, substrate of large flexibility, multiple
abstraction sites, etcaAQ) a multiscale approach combining Homology Model-
ing, protein-ligand Dockings, Molecular Dynamics simulations and QM /MM
calculations has been set up and applied. In concrete, a homology modeling
study has first been performed to generate a model of the holo form of hu-
man Stable-5-LLOX that completes the missing regions of the crystallographic
structure (pdb code 3V99). Then a series of intensive protein-ligand docking
experiments have been performed to generate AA:Stable-5-LOX complexes
both in the holo model and the apo structure (pdb code 308Y). As AA
is a very flexible ligand, the stability and conformational fluctuations of
the AA:Stable-5-LOX complexes have been studied by Molecular Dynamics
simulations. In silico models of the mutants involving a change of the cavity
volumé®? have also been tested in order to determine the effect of these mu-
tations in the positioning of AA in the binding site. Finally, the study of the
hydrogen abstraction step in the different binding modes has been performed
by QM /MM calculations.

7.2 Methodology

As mentioned above, to generate the final and complete model of the AA:5-
LOX complex a multiscale approach combining homology modelling, protein-
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ligand docking and molecular dynamics simulations has been developed here.
Finally, the reactivity studies have been performed by QM /MM calculations.

Starti dinat Apoenzyme Holoenzyme

°

arting coordinates (PDB ID = 308Y) (PDB ID = 3V99)
e Generation of the Homology
complete protein structure Modelling

o Generation of the

Docking simulations
AA:5-LOX complexes ne stmiat

I I

e Exploration of the AA:5- Initial MD Long MD
. simulations simulations

LOX conformational space (reactivity) (stability)

e Study of the hydrogen QM/MM

abstraction step calculations

Figure 7.2: Scheme of the multiscale methodological procedure.

7.2.1 Homology Modeling

The first step of this study has consisted in building a valid and complete
3D model of the holo form of human Stable-5-LOX. All the calculations
were carried out using the program Modeller version 9.121% The strategy
employed combines both loop modeling and structural overlapping.

As the purpose of this stage of the study is to complete the missing
regions of the crystallographic structure of the holo form of the enzyme
(pdb code 3V99) (i.e. we dispose of part of the structure, and we do not
need to generate the complete 3D structure from the primary sequence), no
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templates from analogous enzymes were used to construct the model. It is
important to notice that the 3V99 structure owns two different subunits (A
and B), that both miss major structural pieces and only subunit A displays
electron density associated with the presence of the substrate (Table ,
so, the same structure of subunit A of the pdb 3V99 was used as template.
The choice of this template structure can be justified by the fact that it is
actually the only structure of a holoenzyme available.

Table 7.2: Missing fragments in crystal structure 3V99. Indexes of the missing residues
and its type of secondary structure or other structural features are provided.

Subunit Missing segment Characteristics

3V99-A 172-176 Loop
190-198 Loop
294-299 Loop
414-429 a-helix
611-613 Loop

673 C-terminal Ile

3V99-B 172-176 Loop
194-209 Loop
414-429 Loop

Regarding all the loop regions that lack less than 9 residues, the
loop refinement procedure built in Modeller was used. The non-default op-
tion “very slow” was used to ensure an exhaustive level of conformational
sampling and to maintain an affordable time of calculation. The remain-
ing region that comprises 414 to 429 residues presents a far wider gap and
overcomes the limitation in the accuracy of the loop refinement algorithm
provided by Modeller 198 Therefore, this region of the model has been built
using structural matching with one the apo structures of the same protein,
particularly structure 3V92 .22

Last but not least, the initial structure misses one of the coordi-
nating residues of the iron, the terminal I1e673 which coordinates the Fe by
its terminal -COQ group. Therefore, a complete coordination sphere of the
metal was modeled applying distance restraints during the modeling. Pre-
cisely, distances have been restrained to a value of 2.04 A between the Fe
and its coordinating atoms. Asnb54 residue, which is not reported among
the Fe-coordinating residues in the original paper of Stable 5-LOX crystal-
lographic structure, has been included anyway in the coordination sphere as
this residue appears in the proximity of the Fe and has been found in other
LOX participating in the metal coordination environment.

In total, the Modeller runs were constituted by the generation of 20
models followed by 20 steps of loop refinement. The full models were gener-
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ated with a degree of refinement of Modeller (option “slow") that includes a
thorough Molecular Dynamics and Simulated Annealing procedure as part
of the model optimization. Then, the 20 runs of loop modeling process used a
more extensive refinement procedure (option “slow large"). Finally, the most
encouraging structures were minimized at MM level with a CHARMM full-
atom force field, and the quality of the resulting models were assessed with
ERRAT ' VERIFY-3D," and the PROCHECK Ramachandran plot.2t

7.2.2 Docking Simulations

Docking simulations were run with the program GOLD5.214? Two different
receptors were used, the subunit A of structure 308Y, corresponding to the
apoenzyme, and the final model of the holoenzyme generated by homology
modeling as described above. The option of GOLD to deal with the interac-
tion of metal ions of metalloenzymes with organic ligands was active during
the docking simulations although limited at the search of hexacoordinated
geometries of the metal. Prior to docking, the protonation states of the titra-
ble residues were determined using the PROPKA server 24 Simulations were
carried out for both rigid and flexible side chains receptors in all cases, except
for the mutants of the holoenzyme (see below) for which only rigid receptors
were used.

To ensure a complete exploration of the conformational space for
AA, the maximum efficiency of the genetic algorithm was selected in the
docking setup. The binding site cavity of the receptor consisted in a 19 A
radius sphere centered in the Fe atom. The fitness function employed was the
Chemscore function?2* The parameters of the genetic algorithm were set to
the default values of the program. In case of considering local rearrangements
of the LOX binding site, different rotameric schemes were tested selecting
the rotamers from the GOLD library/203

Finally, the solutions were analyzed on the basis of the consistency
with catalytic processes. As such, the full benches of docking solutions of each
experiment were analyzed throughout a clustering process as well as filtered
in function of the distances between the reactive oxygen of the Fe(III)-OH
cofactor (and the other cofactor, Fe(III)-OH™) and the different unsaturated
carbons of the substrate that could be involved in the mechanism (Cz7, Cyg
and Clg).

7.2.3 In silico mutants

The different in silico mutants have been generated by changing the cor-
responding residues with the Mutator Plugin of the VMD program ™ In
the case of the F359W mutation, it has been observed that the side-chain of
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Tryptophan is too large to fit in the cavity left by the original Phe359 residue,
and its structure is distorted when it is mutated by simple substitution of the
side-chain of Phenylalanine. So, for all mutants containing this mutation, the
position of the side chain of W359 was optimized by CHARMM Molecular
Mechanics (MM) optimization SS101162

7.2.4 Molecular Dynamics Simulations
7.2.4.1 Initial MD simulations: reactivity studies

In order to generate molecular configurations for each of the three AA:Stable-
5-LOX Michaelis complexes considered in this work for subsequent QM /MM
calculations, and with a special focus on the distances between the potential
reacting groups (i.e., the oxygen of the OH™ group and C7, Cyig or Cy3 of
AA), the following protocol was applied. The system was fully solvated in
a cubic box of preequilibrated TIP3P water molecules, with dimensions of
115 A X 115 A X 115 A. The total charge of the system was neutralized
by adding 22 sodium cations. The resulting system contained nearly 143000
atoms, of which about 10600 belong to the protein.

The system was submitted to 1500 MM minimization steps with
harmonic restrains applied to the protein and the substrate, followed by 1500
steps without restrains (in both cases with the steepest descent algorithm)
to avoid bad contacts and then, MD simulations under periodic boundary
conditions (PBC) were started. The system was gradually heated from 25
K to 300 K during 80 ps, followed by an equilibration step of 400 ps at 300
K at constant volume (NVT). During the heating steps, harmonic restraints
were applied to the protein, which were gradually released, while the ligand
(and water molecules) was kept free of restraints. Finally, a production step
of 20 ns was carried out in order to relax the system and to generate a
set of snapshots ready for the hydrogen abstraction reactions. Production
steps were carried out at constant pressure and temperature (NPT) using
the extended system constant pressure and the Hoover constant temperature
algorithms 186

A time step of 2 fs was used for the production steps. All of the
bonds and angles involving hydrogen atoms were constrained by the SHAKE
algorithm 12% PBCs were built with the CRYSTAL facility of CHARMM.
For long-range electrostatics, the PME method was used. MD simula-
tions were run with CHARMM version ¢35-b15% The force field topology
and parameters for AA were derived from the CHARMM?27 ones 103164
CHARMM 22161162 force field was used for protein atoms but Fe and its first
coordination sphere, for which the parameters specifically derived by Saam et
al. were used 187 updating the parameters for the coordination with Asn554.
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Structural analyses of the simulations were performed with the CORREL
module of CHARMM.

7.2.4.2 Long MD simulations: stability of the AA:5-LOX com-
plexes

Long molecular dynamics simulations with production runs of 100 ns were
run for each of the three AA:Stable-5-LOX complexes considered in this
work. The details of the calculations were the same as described above, but
with smaller solvation boxes of sizes of 118 A x 93 A x 73 A for the holoen-
zyme complex, and 118 A x80 A x71A for the apoenzyme complex. The
differences in box sizes originates in the different conformation of the apo
and holo complexes, as the holoenyme displays a more extended conforma-
tion requiring a larger solvation box. The size of the current box has been
reduced compared with the previous cubic box due to the limitations in
computational cost and time of the more-demanding 100 ns simulation.

7.2.5 QM/MM Calculations

Using the trajectories of the Michaelis complex obtained by MD simulations,
a set of snapshots have been selected to study the first step of the reac-
tion mechanism, the hydrogen abstraction step, by QM /MM calculations.
All QM/MM calculations have been performed with the modular program
package ChemShell %2 using TURBOMOLE! for all of the DFT calcula-
tions. The MM calculations were carried out by the DL-POLY modulet® in
ChemShell, using the CHARMM?22105162 and CHARMM27L0316 (for the
lipid moiety included in the MM region) force fields. An electronic embed-
ding scheme”® has been adopted in all calculations, and a hydrogen link
atoms scheme has been employed to treat the QM /MM boundary using the
charge shift model. No cutoffs were introduced for the nonbonding MM and
QM /MM interactions. %2 QM /MM optimizations were carried out employing
the L-BFGS algorithm %167 in the case of energy minimizations, and the mi-
croiterative optimizer, combining both P-RFO1%159 and L-BFGS, was used
during the transition state structure searches. All of these algorithms are im-
plemented in the HDLCopt+™) ChemShell module. For the QM subsystem the
hybrid functional B3LYP was used with the 6-31G(d) Pople basis set™ for
all atoms except Fe, which was described by the LANL2DZ basis set 174 QM
region includes 64 atoms (link atoms not included): 11 atoms of each of the 3
His residues in the Fe coordination sphere (His367, His372, His550), 8 atoms
of Asnb54, 3 atoms of the terminal Ile673 in the coordination sphere, and
the Fe(IH)éATOH cofactor, able to accept the hydrogen from AA. For every
case, a QM region including the pentadienyl group around the methylene of
interest, and the adjacent C (and its corresponding hydrogens) atoms was
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chosen, containing a total of 17 QM atoms of the lipid substrate. Seven link
atoms were used, five along the bonds CaaASQM atom of the five residues
in the Fe coordination sphere and two in the AA chain. Figure shows the
QM /MM partition.

H
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{ His550 3—HN 0
(

Figure 7.3: QM /MM partition. QM atoms are depicted in red, and link atoms are rep-
resented by wavy blue lines. For each process a different partition of AA has been used,
and the top of the figure shows the three options employed, for Hi3 abstraction (upper),
Hio abstraction (middle) and H; abstraction (lower).

o}
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7.3 Results and Discussion

7.3.1 Homology Modeling
7.3.1.1 Construction of the holoenzyme model

The use of the only available X-ray structure of a holoenzyme to generate a
binding mode of AA into human-5-LOX compatible with hydrogen atom ab-
straction at C7 (the one leading to 5-lipoxygenation), presented the problem
that this structure lacks the coordinates of some regions. Thus, homology
modeling techniques have been employed to build these missing regions. A
total of 400 3D models of the holo form of Stable-5-LOX were produced in
this part of the study accounting both for modeling and loop refinement pro-
cesses. The best models were first analyzed based on the energies provided
by Modeller, and the 3 lowest energy solutions were finally selected, as those
values were not discriminative enough. For each of these models, the 3 low-
est energy loop models were also selected which lead to a total of 9 model
candidates that were further refined and analyzed.

First, a CHARMM MM optimization of the side chains was per-
formed in order to reduce possible constraints (bad contacts) remaining from
the modeling process. Then, the quality of the 9 minimized models was
evaluated by ERRAT (accounting for the quality of residues side-chains),
VERIFY-3D (quality of the global 3D structure), and the PROCHECK
(which evaluates the Ramachandran plot). In all cases, the final values of
each geometry checker were higher than 90% and suggest that all candidates
are potentially good models for human-Stable-5-LOX (Table [7.3)). The final
model was selected using a consensus between both energetic and structural
qualities.

Table 7.3: Homology models quality evaluation. Model indexes shown in Table (first
column) are those provided by the Modeller calculation. The best solution (seventh row),
selected by a consensus among the three checkers, is highlighted in bold.

Model ERRAT VERIFY-3D PROCHECK

20003 90.35 92.79 91.50
30003 89.98 93.71 91.70
170003 90.32 92.18 91.50
80007 93.23 93.56 92.00
110007 93.20 93.87 92.00
120007 93.21 93.71 92.00
20019 94.46 94.48 91.50
100019 93.99 92.79 92.20

190019 94.45 91.41 92.20
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According to these results model 7 (index 20019 according to Mod-
eller nomenclature) is the best solution and thus, it has been selected to
perform the following up studies. Figure [7.4] shows this final model.

8™ loop 190-198

active site

Aspl76 {

.-»1/ Phel77 _

< \
D3 14559

—

Lys409 ik

Figure 7.4: a) Superposition of the holoenzyme model generated by homology modeling
(blue) and the apoenzyme crystal structure (ochre), highlighting the principal differences
between the two structures. The box on the left shows a detail of the active sites of
both structures, highlighting the residues that present more significant differences in their
side-chain orientations.

7.3.1.2 Comparison between apoenzyme and holoenzyme struc-
tures

The most remarkable difference between the Stable-5-LOX-apoenzyme crys-
tal structure and the Stable-5-LOX-holoenzyme model generated by homol-
ogy modeling (hereafter the model will be referred as the holoenzyme for
simplicity) is the position of the @-2 helix. In the structure of the 5-LOX
apoenzyme, a-2 helix comprises residues 176-193 and presents a geometry
that is unique in 5-LOX with respect to other LOX isoforms such as 15-
LOX and 8R-LOX. In the structure of the 5-LOX holoenzyme, a-2 connects
with an unfolded loop (residues 190-198) that displays a very wide solvent-
exposed conformation. In the corresponding apo form, this loop has packed
and folded toward the cavity. A detailed representation of the loop structure
generated by the homology modeling process is shown in Figure [7.5]

There are also significant differences in side chain orientation of some
residues of the active site (see Figure , principally in Aspl76, Phel77,
Tyrl81, Leu607 (add to the picture), Lys409, GIn363, Arg592 and His600.
The cases of Lys409 and Phel77 stand out. Lys409 is a positively charge
residue that could establish a favoring electrostatic interaction with the neg-
ative carboxylate group of the fatty acid substrate. Lys409 forms a salt bridge
with Asp176 and both residues are pointing away from the active site in the
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Figure 7.5: Detail of loop 190-198 showing residues side chains in the holoenzyme model.

apoenzyme; therefore, Lys409 cannot tie the carboxylate end of AA inside
the binding pocket. However, in the holoenzyme this salt bridge is placed
towards the active site allowing Lys409 to establish a possible interaction
with AA inside the cavity. Phel77 and Tyr181, which belong to a-2 helix,
form a “cork" that blocks the cavity entrance in the apoenzyme, but in the
holoenzyme their positioning is in a different orientation that would allow the
entrance of the substrate to the binding pocket. Another important differ-
ence between the apo and holo forms, is an apparently slight repositioning
of a-18 helix, that can affect somehow the active site shape and volume.
Argh96 and His600, which belong to this helix, present different side-chain
conformations in apoenzyme and holoenzyme.

7.3.2 Generation of AA:Stable-5-LOX complexes

As has been previously commented, in order to generate the AA:Stable-5-
LOX complexes compatible with catalysis the use of the holoenzyme struc-
ture (with the missing parts modeled as explained above) seemed to be the
most reliable choice, but on the other hand, and despite the substantially
packed binding site of the apoenzyme structure, the possibility of this con-
formation to bare some activity cannot easily be ruled out. Thus, docking
calculations were performed in both apoenzyme and holoenzyme structures.
In both cases two different approaches were employed, using both rigid and
flexible side chain approaches in order to account for small conformational
changes that could improve the quality of the docking solutions.

7.3.2.1 Rigid holoenzyme

First, docking simulations were performed on holoenzyme structure with an
initial approximation of a rigid receptor and, consequently, with identical
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geometry of the model generated by homology modelling. For this approach,
a total of 200 runs of the genetic algorithm docking program GOLD were
performed. The scoring values of the resulting solutions ranged from 34.30 to
29.01 Chemscore units. However, they display an apparently wide geometric
variability and were therefore further analyzed under filtering processes. The
first one was conducted with a clustering protocol and using an RMSD (of
the substrate heavy atoms) with a cutoff of 5.88 A. This leads to 7 main
clusters (see Figure . The scoring function value of each representative
model of the clusters is provided in Table [7.4]

Table 7.4: Scoring function (in ChemScore units) of the representative models and cluster
population (with RMSD = 5.88 A) of the docking simulations of the rigid holoenzyme
receptor.

Cluster number Score Population

1 34.30 16
2 34.26 53
3 33.97 107
4 33.25 3

5 32.34 18
6 30.41

7 30.32 1

Figure 7.6: (a) Solutions of the docking simulation of the holoenzyme model with rigid
side chains; (b) Representative models of clustering with RMSD = 5.88 A, showing residues
of interest. The color scale represented in (b) assigns a different color to the representative
element of each cluster.

The binding modes of AA were determined by the presence of po-
lar and hydrogen-bond donor residues of the protein in H-bond distances to
the oxygen atoms of the AA carboxylate. Five residues fulfill this condition:
Lys409, GIn363, Asn425, Argh96, and Phel77 (its backbone). The most pop-
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ulated cluster (cluster 3) includes solutions with AA carboxylate end bound
to Lys409. In total, there are 116 solutions with H-bond to Lys409, and
they exhibit a tail-first orientation. Solutions with AA carboxylate end close
to GIn363 are less numerous, 34 solutions, and display the AA tail turned
outside the Fe(III)-OH" cofactor, pointing to Arg596 (Figure [7.6).

OFe ’}“

Figure 7.7: Representation of the lowest energy solutions displaying d(C7-OH) < 5 A
obtained from docking simulations of rigid holoenzyme model: in tail-first orientation
(pink), and head-first orientation with the AA carboxylate end close to GIn363 (green).

Next, to better analyze the dockings into the context of pre-reactive
orientations, the results were filtered in function of the distances between
the reactive groups of the substrate and the Fe(III)-OH™ moiety. The analy-
ses of the distances from carbons Cr7, Cyp and Ci3 of the AA to the oxygen
of the Fe(IIT)-OH" cofactor show that there is a reasonable number of solu-
tions with d(C7-OH) < 5 A (29 solutions), whereas there are few solutions
with d(C1o-OH) or d(Cy13-OH) < 5 A (4 solutions in both cases). Based
purely on a distance criterion, these results are clearly consistent with the
regiospecificity of 5-LOX. Thus, this holoenzyme structure could in princi-
ple correspond to the catalytically productive form of 5-LOX. Importantly,
solutions with d(C7-OH) < 5 A belong to clusters 3 and 5, and have residues
Lys409, Phel77(backbone) and GIn363 in the vicinity of the AA carboxylate
end. The best energy solution with d(C7-OH) < 5 A which belongs to cluster
3, has a tail-first orientation with the AA carboxylate close to Lys409 (Fig-
ure and Phel77. On the contrary, the best energy solution with the AA
carboxylate end close to GIn363 and d(C7-OH) < 5 A belongs to cluster 5
and is energetically less favorable by 1.39 Chemscore units. Hence, these cal-
culations indicate (this first approach) that tail-first orientation is preferred
from a catalytic perspective. Figure [7.7] shows these two docking poses.



7.3 RESULTS AND DISCUSSION 137

7.3.2.2 Flexible side-chains holoenzyme

An improved exploration of the conformational space of the AA:5-LOX com-
plexes has been performed by the use of rotameric schemes. Rotamers allow
the model to overcome possible low energy local arrangements of the crystal
structure to gain activity and predict binding modes of the substrate that
otherwise could not be explored. Residues Asp176, Phel77, Asn180, GIn363,
Lys409, Asnd25, Argh96, Leu607 and I1e673 were set as flexible using GOLD
rotamer library. In this case, a number of 500 runs of the genetic algorithm
docking program GOLD were performed to better account for the large num-
ber of degrees of freedom of the system and the vast cavity dimension of the
binding site of 5-LOX. The scoring function results ranged from 33.03 to
26.41 in Chemscore units, thus indicating that no improvement of binding
energies are predicted. The solutions were clustered with an RMSD of 10.30
A, giving 8 clusters. This increase of the RMSD value illustrates the wide
conformational variability that offers the formation of the complex between
AA and the binding site of the enzyme (see Figure(7.8 a)). The scoring func-
tion value for the representative model of each cluster is shown in Table
[(.0l

Table 7.5: Scoring function (in ChemScore units) of the representative models and cluster
population (with RMSD = 10.30 A) of the docking simulations of the holoenzyme receptor
with flexible side chains

Cluster number Score Population

1 33.03 23
2 31.47 349
3 31.32 34
4 31.15 20
5 30.99 50
6 30.17 7

7 29.73 16
8 26.41 1

Using such a large number of rotamer residues provokes the gener-
ation of non-productive solutions in which the substrate falls away from the
binding site (as shown in Figure , but allows better exploration of pro-
ductive configurations inside the cavity. Only solutions with Cs close enough
for catalysis are analyzed.

Positive residues in H-bond distance to the AA carboxylate group
are Lys409 and the backbone of Phel77, GIn363, GIn557, Asn425, GIn611,
Asn613 and Argh96. There are about 300 solutions in the vicinity of Gln611,
but these solutions correspond to the non-productive ones mentioned in the
previous paragraph. In those poses the substrate is very far from the cat-
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Figure 7.8: (a) Solutions of the docking simulation of the holoenzyme model with flexible
side chains; (b) Representative models of clustering with RMSD = 10.33 A. The color scale
represented in (b) assigns a different color to the representative element of each cluster.

alytic iron and for this reason they are not considered in further analyses.
Solutions bonded to Lys409 and with hydrophobic contacts with Phel77 (15
solutions) exhibit a tail-first type orientation, while solutions interacting with
GIn363 and GIn557, which is spatially close to GIn363 (12 solutions), present
a head-first type orientation. Flexible side-chains allow the AA methyl end
to be located inside the binding cavity when the carboxylate end is bound
to GIn363 (GIn557) (see Figure [7.8p), allowing head-first orientation posi-
tioning, in contrast to the case of the rigid holoenzyme (see Figure [7.7)), in
which solutions H-bonded to GIn363 had the AA tail pointing outward to
the cavity.

Analysis of distances to the methylenes of interest shows that there
are 47 solutions with C7 close to the oxygen of the Fe(III)-OH" cofactor. In
this group there are both solutions with head-first and tail-first orientation
with good values of the scoring function. Figure[7.9]shows one representative
example of each type of orientation. Solution 34, which belongs to cluster
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1, is interacting with Lys409 (tail first) and has a d(C7;-OH) of 3.74 A.
Solution 12, with the opposite orientation (head first), has a d(C7-OH) of
4.25 A. These two structures will be used to study the regiospecificity of
the products expected for these two different binding orientations (tail/head
first) in the holoenzyme structure.

GIn363

Figure 7.9: Representation of solutions 12 (head first, purple-gray) and 34 (tail first,
green) of docking simulations of flexible side-chains holoenzyme model.

In Figure the cavity lining residues for the selected head-tail
AA orientation in the holoenzyme are indicated. Several invariant amino
acids that have been shown to interact with AA in other LOXs are used in
5-LOX, although there are also some specific 5-LOX residues defining this
binding site. A detailed comparison of 5-LOX with other LOX isoforms is
provided by the alignment of cavity lining residues. To perform this com-
parison of 5-LOX with other LOX isoforms, the degree of conservation of
several active site aminoacids has been provided by the results of Multiple
Sequence Alignment (MSA) performed with the CLUSTAL-Q server. Invari-
ant or highly conserved, and 5-LOX specific residues are specified in the
alignment chart (Figure . Note that human 5-LOX is compared with
other members of the LOX family with different reaction specificity, and
also belonging to different organisms. It is interesting that Lys409 is specific
of 5-LOX (present in human and mouse 5-LOXs), and aligns with Arg403
of rabbit and human 15-LOX-1, which also fulfills this function of anchoring
the substrate carboxylate end.

7.3.2.3 In silico mutants

To better confront our modeling to experimental data on 5-LOX, we intended
to rationalize mutagenetic works previously published P59 Mutations were
first done on residues Ala424, Asn425 and Phe359, which are placed at the
bottom of the active site cavity and have been proposed to influence 5-
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Figure 7.10: Representation of the lining cavity residues in the holo tail-first AA:5-LOX
complex. Highly conserved residues are depicted in yellow, 5-LLOX specific residues in
green, and the Fe-coordinating residues in magenta (see also the MSA chart).

LOX regioselectivity by decreasing the volume of the binding active site.
In particular, the Phe359Trp-Ala424lle-Asn425Met triple mutant of human
5-LOX has been reported to yield a 42% of 15-lipoxygenation (hydrogen
abstraction at Ci3) and 53% of 8-lipoxygenation (hydrogen abstraction at
C10)~

On the other hand, in the above docking simulations residues Lys409
and GIn363 seemed to play a role in AA carboxylate end binding; thus, we
have performed additional docking simulations for several mutations of those
residues in the holoenzyme. Table[7.6]shows the results for all the tested mu-
tants. For each mutant, 200 runs of the genetic algorithm docking program
GOLD were performed. Based on the previous docking simulations in which
the introduction of flexibility to the amino acids did not substantially change
the chemical interpretation of the resulting solutions, in all this virtual mu-
tagenetic study only rigid receptors were used.

The difference in the active site cavity volumes between Stable-5-
LOX and triple F359W-A4241-N425M mutant has been estimated by mea-
suring the volume of the involved residues 359, 424 and 425, resulting in a
decrease of 40.1 A3 by effect of the mutation (see Figure .

When the mutation implicates residues F359W-A4241-N425M the
number of docking solutions interacting with Lys409 decreases (from 116 in
WT to 5 in the triple mutant) as the number of mutated residues of the
bottom of the cavity increases. Solutions bound to Lys409 seem to need a
larger volume of the cavity to accommodate the AA tail. The three residues
(359, 424 and 425) together block the open channel where the Arg596 is
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placed (Figure [7.13).

Figure 7.11: MSA of selected LOX isoforms.
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5—LOX_HUMAN 166 RDIQFDSEKGVDFVLN.SKAMENLFINRFMHMFQSSWNDFADFEKIFVKISNTISERVMN 225
5—LOX_MOUSE 166 RDIQFDSEKGVDFVLN.SKAMENLFINRFMHMFQSSWHDFADFEKIFVKISNTISERVKN 225
15—LOX—27HUMAN 172 LNIKYSTAKNANFYLQIGSAFAEMKIKGLLD—RKGLWRSLNEMKRIFNFRRTPAAEHAFE 230
15—LOX—1_HUMAN 162 VDERFLEDKRVDFEVSIAKGLADLAIKDSLN—VLTCWKDLDDFNRIFWCGQSKLAERVRD 220
15—LOX—1_RABIT 163 VDERFLEDKKIDFEASIAWGLAELALKNSLN—ILAPWKTLDDFNRIFWCGRSKLARRVRD 221
l2—LOX_HUMAN 162 PNMRFHEEKRLDFEWTIKAGALEMALKRVYT—LLSSWNCLEDFDQIFWGQKSALAEKVRQ 220
SS—LOX_MOUSE 173 LNIKYSAMKNAKLFFKIHSAYTELKVKGLLD-RTGLWRSLREMRRLFNFRKTPAAEYVFA 231
8R—LOX7CORAL 169 RDVQFTDEKSRSYQESIKAALVNLGIGSLFT—MFENWDSYDDYHILYRNWILGGTPNMAD 227
S—LOX_HUMAN 329 ——NQIPGDENPIFLPSD—AKYDWLLAKIWVRSSDFHVHITITILLRT'LVSEVFGIAMYR 385
5—LOX_MOUSE 329 ——NQTPGESNPIFLPTD—SKYDWLLAKIWVRSSDFHVHITITILLRT.LVSEVFGIAMYR 385
15—LOX—2_HUMAN 334 ——SQTPGPNSPIFLPTD—DKWDWLLAKTWVRNAEFSFHIALTILLHS.LLPEVFTLATLR 390
15—LOX—17HUMAN 319 QLPRTGSPPPPLFLPTD—PPMAWLLAKCWVRSSDFQLHILQSILLRG'LMAEVIVVATMR 377
15—LOX—17RABIT 320 HLPKIGSSPPPLFLPTD—PPMVWLLAKCWVRSSDFQVHILNSILLRG'LMAEVFTVATMR 378
12—LOX_HUMAN 319 QPPNPSSPTPTLFLPSD—PPLAWLLAKSWVRNSDFQLHIIQY.LLNT'LVAEVIAVATMR 377
BS—LOX_MOUSE 335 ——KQTPGPDNPIFLPSD—DTWDWLLAKTWVRNSEFYIHIAVTILLHA.LIPEVFALATLR 391
8R—LOX_CORAL 347 ——NQEPGPENPIWTPHEENEHDWMMAKFWLGVAESNFHILNTILLRT.LTTESFALSTWR 404
5—LOX7HUMAN 386 QLPAVHPIFKLLVAHVRFTIAINTIAREQLICECGLIDKANATGGGGHVQMVQRAMKDLT 445
S—LOX_MOUSE 386 QLPAVHPLFKLLVAHVRFTIAINTIAREQLICEYGLIDKANATGGGGHVQMVQRAVQDLT 445
15—LOX—2_HUMAN 391 QLPHCHPLFKLLIPHTRYTLHINTIARELLIVPGQV.DRSTGIGIEGFSELIQRNMKQLN 450
lS—LOX—l_HUMAN 378 CLPSIHPIFKLIIPHLRYTLEINV.ARTGL.SDMGIIDQIMSTGGGGHVQLLKQAGAFLT 437
15-LOX-17RABIT 379 CLPSIHPVFKLIVPHLRYTLEINV.ARNGL.SDFGIIDQIMSTGGGGHVQLLQQAGAFLT 438
12—LOX7HUMAN 378 CLPGLHPIFKFLIPHIRYTMEINTIARTQLISDGGIIDKAVSTGGGGHVQLLRRAAAQLT 437
8S—LOX_MOUSE 392 QLPRCHPLFKLLIPHIRYTLHINTIARELL.APGKLIDKSTGLGTGGFSDLIKRNMEQLN 451
8R—LOX_CORAL 405 NLASAHPIFKLLQPHIYGVLAIDTIGRKELIGSGGIIDQSLSLGGGGHVTFMEKCFKEVN 464
5-LOX7HUMAN 506 LQDFVNDVYVYGMR---GRKSSGFPKSVKSREQLSEYLTVVIFTASAQ.AAV.FGQ.DWC 562
5—LOX7MOUSE 506 LQDFVKDVYVYGMR———GKKASGFPKSIKSREKLSEYLTVVIFTASAQ.AAV.FGQ.DWC 562
15—LOX—2_HUMAN 508 LQAWVREIFSKGFL———NQESSGIPSSLETREALVQYVTMVIFTCSAK'AAVIAGQ.DSC 564
lS—LOX—l_HUMAN 495 LQTWCREITEIGLQ———GAQDRGFPVSLQARDQVCHFVTMCIFTCTGQ.ASVILGQ.DWY 551
lS—LOX—l_RABI 496 LQSWCREITEIGLQ———GAQKQGFPTSLQSVAQACHFVTMCIFTCTGQ.SSIILGQ.DWF 552
12—LOX7HUMAN 495 LQAWCREITEVGLC———QAQDRGFPVSFQSQSQLCHFLTMCVFTCTAQ.AAIIQGQ.DWY 551
88—LOX7MOUSE 509 LQAWVREIFSEGFL———GRESSGMPSLLDTREALVQYITMVIFTCSAK'AAVISGQIDSC 565
8R—LOX_CORAL 525 IQSWIYDVHKNGWRVNPGHQDHGVPASFESREQLKEVLTSLVFTFSCQ.AAVIFSQ.DHY 584
5—LOX_HUMAN 563 SWIPNAPPTMRAPPPTAKGVVTIEQIVDTLPDRGRSCW.LG.VWALSQlQENELFLGMYP 622
5-LOX7MOUSE 563 SWIPNAPPTMRAPPPTAKGVVTIEQIVDTLPDRGRSCW.LG.VWALSQlQENELFLGMYP 622
15—LOX—27HUMAN 565 AWMPNLPPSMQLPPPTSKGLATCEGFIATLPPVNATCDlILlLWLLSKIPGDQRPLGTYP 624
15—LOX—1_HUMAN 552 SWVPNAPCTMRLPPPTTK—DATLETVMATLPNFHQASLIMSITWQLGR.QPVMVAVGQHE 610
15—LOX—1_RABIT 553 TWVPNAPCTMRLPPPTTK—DATLETVMATLPNLHQSSLIMSIVWQLGRIQPIMVPLGQHQ 611
l2—LOX_HUMAN 552 AWVPNAPCTMRMPPPTTKEDVTMATVMGSLPDVRQACLIMAISWHLSRIQPDMVPLGHHK 611
SS-LOX7MOUSE 566 VWMPNLPPTMQLPPPTSKGQARPESFIATLPAVNSSSYIIIILWLLSAIPGDQRPLGHYP 625
8R—LOX7CORAL 585 GFTPNAPAILRHPPPKKKGEATLQSILSTLPSKSQAAKIIAIVYILTKISEDERYLGNYS 644
S—LOX_HUMAN 623 EEHFIEKPVKEAMARFRKNLEAIVSVIAERNKKKQLPYYYLSPDRIPNSVA' 674
5—LOX_MOUSE 623 EEHFIEKPVKEAMIRFRKNLEAIVSVIAERNKNKKLPYYYLSPDRIPNSVA. 674
15—LOX-2_HUMAN 625 DEHFTEEAPRRSIATFQSRLAQISRGIQERNQGLVLPYTYLDPPLIENSVS. 676
15—LOX—17HUMAN 611 EEYFSGPEPKAVLKKFREELAALDKEIEIRNAKLDMPYEYLRPSVVENSVAI 662
15—LOX—1_RABIT 612 EEYFSGPEPRAVLEKFREELAIMDKEIEVRNEKLDIPYEYLRPSIVENSVA' 663
12—LOX_HUMAN 612 EKYFSGPKPKAVLNQFRTDLEKLEKEITARNEQLDWPYEYLKPSCIENSVT. 663
BS—LOX_MOUSE 626 DEHFTEDAPRRSVAAFQRKLIQISKGIRERNRGLALPYTYLDPPLIENSVS. 677
8R-LOX_CORAL 645 ATAWEDKDALDAINRFQDKLEDISKKIKQRNENLEVPYIYLLPERIPNGTA. 696

In Stable-5-LOX this channel can accommodate the

AA tail in those solutions with the carboxylate group bound to Lys409.



142 5-LOX

Figure 7.12: Representation of the volume of a) residues F359, A424 and N425 in Stable-
5-LOX (orange); and b) residues W359, 1424 and M425 in triple mutant (blue).

Table 7.6: Number of docking solutions interacting to indicated residues in Stable-5-LOX
and mutants of holoenzyme receptor.

System F177 (bb) N180 W359 Q363 K409 R411 N425 R596
F359W 24 5 - 33 111 - 1 17
F359W-N425M 28 3 - 46 106 - - 11
F359W-A4241-N425M 7 1 3 170 5 8 - -
K409L 93 9 - 28 - - 12 45
Q363L 32 13 - - 102 - 5 24
Stable-5-LOX 27 - - 34 116 - 2 13

When the channel is blocked, the AA tail is twisted inside the binding cavity,
and this alteration of the cavity provokes that some solutions appear close to
Argdl11. This residue, which is spatially close to Lys409 (Figureb), does
not present any interaction with AA carboxylate in the docking solutions
of the Stable-5-LOX. On the other hand, the number of docking solutions
interacting with GIn363 increases (from 34 to 170, Table as the cavity
volume decreases by effect of the triple mutation.

Table 7.7: Number of solutions with C7, C1p and Ci3 close to the OH™ group in Stable-
5-LOX and mutants of holoenzyme receptor.

System d(C7-OH) < 5 A d(C10-OH) < 5 A d(Cy13-OH) <5 A
F359W 25 3 5
F359W-N425M 35 4 0
F359W-A4241-N425M 126 103 71
K409L 41 8 15
Q363L 39 12 8
Stable-5-LOX 29 4 4

As the number of mutated residues increases, solutions with d(Cr-
OH) < 5 A do so (see Table . Likewise, many solutions have more than
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@

Figure 7.13: Docking solutions of (a) Stable-5-LOX holoenzyme; and (b) F359W-A424I-
N425M-Stable-5-LOX mutant holoenzyme. The residues involved in the mutation (both
in the wild-type and mutant images) have been highlighted in blue.

one methylene close to the OH™ group. This may be due to the new situation
of AA inside the active site: because of the lower volume of the cavity, it
can adopt more twisted poses surrounding the OH™ group, allowing several
methylenes to approach this group. These results could support the “spatial
hypothesis"2?48 mentioned in the Introduction (with the tail-first orientation
being responsible of 5-lipoxygenation), although the reason why a reduction
of the 5-LOX active-site volume leads to 15-lipoxygenation is that the head-
first orientation becomes the favored one in the mutant. As expected, the
docking solutions interacting with Lys409 or GIn363 disappear in mutants
K409L or Q363L, respectively, which also lead to more variabilily in the
carbon atom suitably positioned for hydrogen abstraction.

7.3.2.4 Rigid apoenzyme

Following the same procedure for the apoenzyme structure, an initial ap-
proximation of a rigid receptor and, consequently, with identical geometry
of the crystal structure was adopted in first place. For this approach, a total
of 200 docking solutions were generated. In this docking run, solutions pre-
sented scores very close in energy and ranged from 32.29 to 23.92 Chemscore
units, which correspond to solutions with relatively good predicted binding
affinities, although the lowest energy solution is slightly worse than in the
previous case of the holo form (ca. 32 .vs. 34 Chemscore units).

The solutions were clustered with an RMSD of 2.96 A, giving 7
clusters (Figure . The RMSD value selected here to group the solutions
into the same number of clusters (7 clusters) is lower than in the previous
case, with rigid holoenzyme receptor (RMSD = 5.88 A), which indicates
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that the dispersion of AA conformations is smaller here, even though the
geometric variability is still large. This is consistent with the different cavity
shapes between apoenzyme and holoenzyme. The scores of the representative
models and the population of each cluster are shown in Table (the models
are ranked according to their relative score).

Table 7.8: Scoring function (in ChemScore units) of the representative models and cluster
population (with RMSD = 2.96 A) of the docking simulations of the rigid apoenzyme
receptor

Cluster number Score Population

1 32.29 35
2 32.18 29
3 31.83 22
4 31.25 15
) 30.78 7
6 30.15 87
7 28.24 5

Next, the solutions were classified according to the presence of pro-
tein residues in H-bond distance to the AA carboxylate end, which were
Ala424 (the backbone), Asnd25, His600, Tyr181 and His372. The distances
between the carbon C7, C1g and Ci3 of AA and the oxygen atom of the OH"
group were measured for all the docking solutions. Only 3 solutions display
d(C7-OH) < 5 A and 2 solutions d(C10-OH) < 5 A, but 39 solutions with
d(C13-OH) < 5 A were found, with the AA carboxylate end close to His600.
Based on the actual knowledge on lipoxygenase reaction, only the three so-
lutions with the C; atom below the distance threshold of 5 A would lead to
the correct product of the reaction according to the 5-LOX regiospecificity.
It is clear that such poses represent an extremely marginal set of docking
orientations and it is reasonable to assume that in principle, the X-ray apoen-
zyme structure would not, or only residually, behave as a productive form of

5-LOX.

A more detailed analysis of the distance between the bisallylic methy-
lene groups and the OH™ in the apoenzyme showed that in this group of
solutions where AA carboxylate group is interacting with His600, Ci3 is
closer to the OH™ group, whereas C7 is far away. The presence of solutions
interacting with His600 is interesting, since this residue has been proposed
experimentally as the anchoring residue of the carboxylate end of the fatty
acid substrate4? Although the molecular details by which His600 affects AA
positioning are not known, it has been related with the polar/charged nature
of the residue and a potential head-first binding of AA.

Interestingly, holoenzyme docking simulations did not yield any bind-
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Figure 7.14: (a) Solutions of the docking simulation of the apoenzyme structure with
rigid side chains; (b) Representative models of clustering with RMSD = 2.96 A, showing
residues of interest. The color scale represented in (b) assigns a different color to the
representative element of each cluster.

ing mode with the AA carboxylate group interacting with His600. This is
probably a consequence of the different orientations displayed by His600 in
the apoenzyme (inward, pointing to the catalytic iron) and the holoenzyme
(outward, pointing to the end of the cavity). Notice that this result is not
a consequence of the homology modeling simulation, as His600 does not be-
long to the missing regions of structure 3V99 (see Table . The different
orientation is already found among the different crystallographic structures

(Figure [7.15]).

Figure 7.15: Overlay of 5-LOX crystallographic structures (coloring code on the left)
showing a detail of His600 (box on the right). In structures 308Y, 3V92 and 3V98, only one
subunit is depicted as in these cases the two monomers are almost identical. In structure
3V99 both subunits A and B are depicted as they exhibit differences. The orientation
of His600 in structure 3V99-A (outward) clearly differs from the remaining structures
(inward).

As structure 3V99 is a phosphorylation mimicking mutant Stable-
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Ser663Asp, in order to discard that the difference in His600 orientation is
a consequence of the phosphorylation mimicking mutation a comparison of
the holoenzyme system with the “phosphorylated" apoenzyme structure (pdb
entry 3V98) is also reported here. It can be observed that the orientation of
His600 in 3V98 is consistent with the Stable-5-LOX (pdb entry 308Y), as
well as the “non-phosphorylated" mutant Ser663Ala (pdb entry 3V92), keep-
ing the difference with subunit 3V99-A. Thus, we are induced to consider
that the conformational changes in the holoenzyme structure and, particu-
larly, in His600 orientation, are a consequence of the substrate entry rather
than the phosphorylation mimicking mutation.

7.3.2.5 Flexible side-chain apoenzyme

An improved exploration of the conformational space of the AA:5-LOX com-
plexes has been performed by the use of several rotameric schemes. Rotamers
allow the model to overcome possible low energy local arrangements of the
crystal structure to gain activity and predict binding modes of the substrate
that otherwise could not be explored. Thus, these rotameric approaches could
allow determining if the apoenzyme structure could be transformed into a
productive structure of 5-LOX by rotation of key residues. Focus has been
given to Aspl76, Phel77, Tyrl81, and Lys409, as these are residues of the
binding site of the enzyme that have different orientations in the apoenzyme
and holoenzyme as mentioned in the previous Section (see Figure . A run
of 200 docking solutions and using the GOLD rotamer library for all these
four residues was performed in a first place. The scores of the representative
models and the population of each cluster are shown in Table

Table 7.9: Scoring function (in ChemScore units) of the representative models and cluster
population (with RMSD = 3.62 A) of the docking simulations of the apoenzyme receptor
with flexible side-chains (F177, Y181, E176, K409) provided by the GOLD rotamer library.

Cluster number Score Population

1 33.53 39
2 30.56 60
3 30.38 48
4 29.45 21
5 27.32 28
6 22.86 1
7 21.94 3

The former Table refers to a simulation allowing the flexibility of the
four residues F177, Y181, E176 and K409, simultaneously, but other combi-
nation of rotamers of these residues have been also tested. However, these
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docking solutions still resemble those obtained in the previous rigid recep-
tor scheme, indicating that conformational changes to achieve the productive
structure are beyond the change of these residues side-chain orientations. Ta-
ble [7.10] shows the different combinations of rotamers performed to release
the binding site constraints.

Table 7.10: Number of solutions with C7, Cio and Ci3 close to the OH™ group, for the
different docking calculations with rotamers in apoenzyme. Calculation 1 corresponds to
the initial rigid approximation, 2 to rotameric flexibility afforded to residues F177 and
K409 and 3 to residues F177, Y181, E176 and K409.

Experiment d(Cr-OH) < 5 A d(C10-OH) < 5 A d(Cy13-OH) < 5 A

1 3 2 39
2 9 3 73
3 17 - 26

Overall, the increase of the number of flexible side chains in the
docking leads to a slight increase of the number of solutions with d(C7-OH)
<5A (up to 17, see Table . However, this is apparently a consequence
of very subtle relaxations of the active site cavity upon binding since the final
position of the residues that have been allowed with flexibility remains nearly
unchanged with respect to the X-ray position (Figure . The highest
number of catalytically consistent solutions are still those with d(C13-OH) <
5 A, reinforcing the idea that the product that the apoenzyme would form
is not the main product of human 5-LOX (just assuming distance criterion,
and just considering the docking simulations results). It seems that rotamers
cannot yield to the productive structure of 5-LOX. The positioning that cork
residues exhibit in the holoenzyme model is never achieved in the apoenzyme
by side chain rotamers (see Figure thus, the enzyme needs to experience
further structural changes to reach activity.

Up to this point it seems clear that starting from the apoenyme
receptor, it is not possible to obtain a substrate:protein complex bearing a
5-LOX activity, in terms of the distances from the bisallylic methylenes to
the catalytic iron. Most solutions show an interaction of the AA carboxylate
end with His600. Solution 11 has been selected from the docking calculations
into the rigid apoenzyme receptor (Figure ; this solution has a similar
score to the most stable solution (30.78 ChemScore units in solution 11
and 32.29 in solution 1), but its C;3-OH, C19-OH and C7-OH distances are
smaller than the corresponding ones in the most stable solution; actually,
it corresponds to the most stable solution with d(C13-OH) < 5 A, and it
presents a d(Cr-OH) distance of 7.39 A. Still, as in the AA dockings to the
holoenzyme structure no solutions show this interaction, we have selected
one of these AA:apoenzyme solutions to study this AA-His600 interaction.
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Figure 7.16: (a) Position of the side chains of Aspl176 (orange), Phel77 (yellow), Tyr181
(green) and Lys409 (pink) generated by the GOLD rotamers library during the docking
simulations of apoenzyme with flexible side chains; (b) superposition of apo and holo
forms, showing the former residues (the same colors as in (a)); holo residues are drawn in
darker colors.

7.3.3 Reactivity study

To determine if any of the binding modes obtained by the docking simulations
is consistent with the reactivity of the 5-LOX system, a study of the reactivity
combining MD simulations plus QM /MM calculations has been carried out.

7.3.3.1 Molecular Dynamics Simulations

A first MD study aimed at the study of the reactivity and thus, at the genera-
tion of the pre-catalytic complexes from the different binding modes obtained
in the docking simulations presented above has been carried out. Solutions
12 and 34 of the flexible side-chains holoenzyme docking simulation, which
are representative of head-first (with the substrate carboxylate group inter-
acting with GIn363) and tail-first orientations (with Lys409), respectively,
and solution 11 from the rigid apoenzyme docking simulation, which is also
a representative member of a head-first orientation and presents the AA car-
boxylate end interacting with His600, were selected to perform this study.
The goal of this preliminary MD simulation study is to determine if any of
these substrate:protein complexes and their corresponding binding modes is
consistent with a 5-LOX reaction specificity (i.e. preference of abstraction of
the pro-S hydrogen from Cz).

As has been stated in the previous section, a first indicator of the
consistency of the substrate:protein complexes with the regiospecificity of
5-LOX is a measure of the distances from the bisalyllic methylenes (both
C and H distances) to the oxygen of the Fe(III)-OH" cofactor. However, as
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Figure 7.17: Representation of solution 11 of the docking simulations using the rigid
apoenzyme receptor.

has been demonstrated in the previous chapters, the distance criteria alone
may not be enough to extract conclusions about the reactivity and thus a
calculation of the energy barriers for hydrogen transfer is required. Basically,
although the initial distance of the atom that is going to be abstracted has a
crucial influence in the potential energy barrier, it is not the unique factor and
other considerations have to be taken into account, for example, how difficult
is the evolution from a non-planar structure in the reactant to a planar
structure in the abstraction product. Nevertheless, when one hydrogen is
significantly further away than another one, it can be expected that the latter
will be preferably abstracted. Therefore, the distance distribution of the three
bisallylic methylene groups to the oxygen of the Fe(III)-OH" cofactor have
been monitored during the MD simulations, and finally a set of snapshots
has been selected to calculate the hydrogen abstraction paths and potential
energy barriers. Once each set was generated, the feasibility of the different
hydrogen abstractions for each one of the three possible AA binding modes
was studied by QM /MM calculations.

MD simulations of crystal structure Along with the binding modes
generated in this work, the pose that AA exhibits in crystal structure 3V99-
A was also studied by MD simulations. Since in this X-ray structure some
protein coordinates are incomplete, the coordinates of the holoenzyme model
have been used instead. Then, crystal structure 3V99-A and the holoenzyme
model were superimposed, and AA coordinates were placed into the holoen-
zyme model to obtain a complete structure of the Michaelis complex.

In the crystal structure pose, initially the AA molecule does not
seem to be interacting to any positive residue of the protein, and its car-
boxylate end is placed at the bottom of the active site cavity (head-first
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orientation). During the MD simulation the carboxylate end moves towards
the region of Argh96 and Asn425, and retains this position during the 10 ns
production run trajectory that was carried out for this complex. . The aver-
age distance (standard deviation) from Cr to the oxygen of the OH group
is of 13.44 (1.10) A, whereas d(C10-OH) and d(C13-OH) are of 10.92 (1.29)
A and 8.78 (1.33) A, respectively. Thus, there are not structures with any
bisallylic methylene close enough to the Fe(III)-OH" cofactor to consider that
model as a 5-lipoxygenating catalytically productive structure. Therefore it
is clear that starting from this complex it will be difficult to obtain struc-
tures with any bisallylic methylene close enough to the Fe(III)-OH" cofactor
to consider this model a catalytically productive one. Therefore longer MD
simulations have not been performed for this complex, as at short produc-
tion steps the substrate already exhibits a behavior that is non-compatible
with the expected reaction specificity. In the same way, the QM /MM calcu-
lations have been carried out on the other three complexes and the results
are presented below.

Tail first AA:holo complex (solution 34) The first complex studied
corresponds to a tail-first binding mode with the AA carboxylate interacting
with Lys409 (Figure green). During the 20 ns of simulation of solution
34, different configurations of the AA:Stable-5-LLOX Michaelis complex were
explored. The histograms of the distances from Cy, C1g and Ci3 to the oxygen
of the OH™ group are presented in Figure [7.18|
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Figure 7.18: Histogram of distances d(C7-OH) (yellow), d(C10-OH) (blue) and d(Cis-
OH) (purple), during the 20 ns MD production step of holo solution 34 (tail first).

Figure[7.18|shows that d(C7-OH) presents a narrow distribution cen-
tered at 4.5 A, whereas the distribution of distances d(C10-OH) and d(Ci3-
OH) are broader and centered at longer distances around 7.0 A and 9.0 A,
respectively. These results suggest that a tail-first binding mode with the
AA carboxylate interacting with Lys409 gives conformations in which the
C7 methylene is the only one close to the hydroxyl group.
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Head-first AA:holo complex (solution 12) The second binding mode
studied corresponds to a head-first orientation with the AA carboxylate ini-
tially interacting with Gln363 (Figure gray). The MD simulations for
this orientation resulted in the histograms of the distances from C7, Cyp and
C13 to the oxygen of the OH™ group along presented in Figure . The po-
sition of the AA carboxylate end remained close to GIn363, indicating that
this orientation is in principle also possible.
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Figure 7.19: Histogram of distances d(C7-OH) (yellow), d(C1o-OH) (blue) and d(Cis-
OH) (purple), during the 20 ns MD production step of holo solution 12 (head first).

MD simulations of this solution 12 (head first) give broader dis-
tributions of all distances than those obtained for the tail-first orientation.
d(C19-OH) and d(C13-OH) present lower values than d(C7-OH), which has
its maximum population at ~ 7.5 A. AA remains with the carboxylate end
bound to GIn363 (and also GIn557, which is spatially close to GIn363), but
its backbone adopts twisted conformations in which C19 and Ci3 can be si-
multaneously close to the hydroxyl group, while C7 is clearly further away
from the OH™ group. Thus, these MD simulations suggest that this head-first
model does not provide structures consistent with the 5-lipoxygenating func-
tion of this enzyme with the AA substrate. Still, the hydrogen abstraction
step was also studied in snapshots drawn from this simulation.

Head-first AA:apo complex (solution 11) Up to this point, the results
can be summarized in that the proposed tail-first orientation is consistent
with the experimental 5-LOX regio- and stereoselectivity, whereas the head-
first orientation adopted in the holo structure would give a 15/11-LOX or
12/8-LOX regioselectivity, according to the distance criterion of the bisallylic
methylenes. However, and as has been already mentioned in the Introduction
and the docking simulation Section, recent mutagenesis experiments suggest
a role of His600 in substrate binding. In these experiments, it has been shown
that the H600A mutant displays less than 10% of Stable-5-LOX activity and
a affinity for the substrate. Moreover, no detectable catalytic activity was
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observed for the H600V mutant. These results lead the authors to suggest
that His600 is essential for proper AA positioning in the 5-LOX active site
to produce the 5-HPETE product, and also that the presence of this amino
acid deep in the cavity may be favoring the head-first substrate orientation.

The hypothesis of a head-first orientation in human 5-LOX is not
new, and had been proposed in the literature in previous studies arguing
that the stereochemistry of the final hydroperoxidation product, 5S-HPETE,
could only be jutified with a head-first orientation in contraposition with
155-HPETE, the 15LOX product, which is obtained from an AA tail-first
orientation. (see Introduction chapter for details). A head-first orientation
has also been proposed for murine 85-LOX. However, it is important to note
that this interpretation of the experimental observations is not necessary
right, as it does not consider all the conformational changes that AA can
undergo once placed inside the active site (methylene carbons consist on
sp3 carbons that can rotate alternating the side of the plane that faces the
Fe(II1)-OH" group), which in principle could yield both R- and S-HPETE
products, even if starting from a given AA orientation.

Nevertheless, as explained in section 3.3, in order to study a possi-
ble head-first orientation bearing a AA-His600 interaction, the apoenzyme
X-ray structure has been used to generate the coordinates of complexes pre-
senting such contact. The docking pose solution 11 (head first) was selected
and prepared for an MD simulation following the same procedure as for the
holoenzyme complexes. During the simulation time studied the position of
the substrate remains stable. The histogram of the distances from Cr, Cyg
and Ci3 to the acceptor OH™ is shown in Figure [7.20]
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Figure 7.20: Histogram of distances d(C7-OH) (yellow), d(C10-OH) (blue) and d(Cis-
OH) (purple), during the 20 ns MD production step of apo solution 11 (head first).

A similar distance distribution can be observed for all the distances,
being d(C1o-OH) the smallest of them, which is centered around 4 A, fol-
lowed very closely by d(C7-OH) which is very similar and centered around
4.5 A; d(C13-OH) is quite greater with a distribution centered at 6.5 A. In
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this situation the behavior differs from the case of the holoenzyme in which
for a tail-first orientation (solution 34) the distance distribution is clearly
more discriminating, with the d(C7-OH) distance being the shortest one
(Figure [7.18)), whereas for the head-first orientation (solution 12), the dis-
tances distribution clearly differentiates d(C7-OH) (the greatest value) from
d(C10-OH) and d(Cq3-OH), which are similar (Figure [7.19). According to a
distance criterion, in solution 11 of the apoenzyme both C; and Cip could
be suitable for transferring a hydrogen atom to the OH group. It is also
worth mentioning that along the MD simulation of solution 11, the aromatic
side chains of the two FY-cork residues (Tyrl81 and Phel77) remain as in
the apoenzyme crystal structure. That is, once in the cavity AA carboxylate
end can interact with His600 without the need of ejecting or repositioning
the FY-cork.4?

7.3.3.2 QM/MM potential energy profiles for the hydrogen ab-
straction reactions in the AA:5-LOX complex

Reactivity of the holoenzyme complexes To study the reaction mecha-
nism of the hydrogen abstraction step the following procedure has been em-
ployed. First, from the previous MD simulations of the holoenzyme solution
34 (with tail-first orientation), and solution 12 (with head-first orientation),
four snapshots were selected in order to obtain the initial reactant struc-
tures that initiate the reactive process. These snapshots were representative
of each MD simulation, with a set of distances d(C7-OH), d(C1p-OH) and
d(C13-OH) very close to the center of the distances distributions of every

case (see Table[7.11] and Figures and [7.19)).

As the complete system (substrate:protein complex + water solva-
tion box) derived from the MD simulations comprises a huge number of
atoms (150 000 atoms), the selected snapshots were modified to reduce the
size of the system. In this way, water molecules outside a 15 A radius volume
centered on the AA molecule were removed, giving a total system size of 12
000 atoms. All residues and water molecules within a 15 A sphere centered on
AA Cqj, including the complete AA molecule, were set as the active region
of the optimization processes, whereas the remaining region of the system
was kept frozen. Next, a full QM /MM optimization was performed to obtain
the pre-reactive minima.

Table shows the main geometric parameters of the different pre-
reactive minima obtained from the optimization of the four selected snap-
shots. Snapshots I (Figure|7.21p) and II correspond to a tail-first orientation,
whereas snapshots III (Figure [7.21p) and IV present a head-first orienta-
tion. In each case the closest hydrogen atom of the corresponding methylene



154 5-LOX

group has been the abstracted atom (showed in Table E| . Additionally,
in snapshots I and III not only the most suitable hydrogen but also some
of the remaining hydrogens have been abstracted for comparative purposes.
Note that in snapshots I and II, H7 pro-S (which should be the more reac-
tive for 5-LOX specificity) is not only close enough to be transferred to the
OH~ group, but in a good orientation as d(C7-OH) is clearly greater than
d(H7-OH).

Table 7.11: Main geometric parameters of the pre-reactive minima obtained from the
optimization of the four selected snapshots. Subscript X stands for 7, 10 or 13. Distances
are given in A.

Snapshot Hx Orientation d(Cx-OH) d(Hx a-OH) d(Hxg-OH)

I H7 pro-S  Tail First 3.41 4.32 2.60
I Hiop Tail First 5.42 5.89 5.08
I Hisp Tail First 6.72 7.05 5.67
II H7 pro-S  Tail First 3.49 4.32 2.55
11 H+p Head First 5.31 5.15 4.85
111 Hisa Head First 5.26 4.16 4.18
v Hipa Head First 5.01 4.74 5.90

Table 7.12: Initial d(H-OH) and potential energy barriers corresponding to the indicated
hydrogen abstractions for the different pre-reactive structures obtained from optimization
of the four selected snapshots.

Anchoring
Snapshot Hx Orientation  residue  d(Hx-OH) (A) AE?! (kcal/mol)
I H7 proS  Tail First Lys409 2.60 18.1
I Hios Tail First Lys409 5.08 25.5
I Hisp Tail First Lys409 5.67 50.7
II H7 proS  Tail First Lys409 2.55 18.1
I11 H7p Head First GIn363 4.85 36.2
111 Hisa Head First GIn363 4.16 19.8
1A% Hioa Head First GIn363 4.74 25.0

The optimized geometry corresponding to each pre-reactive struc-
ture has been used as a starting point to build the potential energy profile
along the reaction coordinate for the hydrogen abstraction process. Note that
for snapshot I abstraction of Higg and Hi3g were also considered in case they
could still react with reasonable barrier heights even though they are signif-
icantly further away. The reaction coordinate, z, is defined as the difference
between the distance of the breaking bond (C7-Hy, Ci9-Hjg or C133ASH13

1Only the stereochemistry of the hydrogen preferentially abstracted, H; pro-S is given,
as the stereochemistry of the minor products is not known. In this latter case, the two
hydrogens of a methylene group will be referred as Ha and Hg.
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(b) |

Figure 7.21: Representation of two characteristic reactant minima showing AA and the
Fe coordination sphere: a) structure obtained from optimization of snapshot I (tail-first);
b) structure obtained from optimization of snapshot III (head-first).

for H7, Hip and H;3 abstractions, respectively) and the forming bond (H7-O,
H10-O and H;3-O, respectively). To construct the potential energy profile,
a series of optimizations of the mobile part of the system have been per-
formed in the presence of harmonic restrictions on the reaction coordinate
as V = %(z —29)2, where k is the force constant, which has been set equal to
3.0 hartree/Bohr?, and 20 is the reference value for the reaction coordinate
z at each energy minimization calculation, which increases with a step size

of 0.1 A.

The highest energy point of each profile was selected as starting
point for a direct transition state search, using the microiterative searching
procedure as mentioned before. A small core containing 6 atoms (C, pro-S
and pro-R hydrogens, and Fe(III)-OH" cofactor) was selected for the P-RFO
algorithm. In every case a transition state structure could be located. The
potential energy barriers for all the processes are listed in Table[7.12] Values
of additional geometric parameters corresponding to the pre-reactive minima
and the transition state structures are given in Table [7.13]

As can be observed in Table the wide range of potential energy
barrier values, which range from 18.06 to 50.73 kcal/mol, are highlighted.
This situation is directly related with the wide dispersion of geometries in
terms of the initial distance between the hydrogen that will be transferred
and the accepting oxygen during the reactive process, with values ranging
from 2.55 to 5.67 A(see Table. Distances values are directly determined
by how the AA is placed in the active site of the enzyme. Importantly, the
calculated potential energy barriers for H7 abstraction (18.06 kcal /mol) are in
qualitative agreement with experimental data on lipoxygenases. Contrary to
this, the Hig and Hj3 abstraction barriers (7.4 and 32.6 kcal /mol higher than
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Table 7.13: Main geometric parameters of the pre-reactive minima and TS’s of holoen-
zyme structures. Subscript X stands for 7, 10 or 13. Distance are given in A and angles in
degrees.

Snapshot Hx d(Cx—O) d(Cx—Hx) d(Hx—O) Z(Cx—O—H) Z(Hx—O—H)
R TS R TS R TS R TS R TS

I Hmp 341 265 1.10 1.29 260 137 292 59.6 703 89.5
I Hiop 542 262 1.10 129 508 134 600 680 8.9 8I.1
I Hisp 6.72 266 1.11 133 567 133 684 61.7 1009 100.3
1I Hs 349 265 1.10 1.30 255 1.35 36.0 59.3 774 933

I11 Hp 531 266 1.10 1.34 485 134 922 71.0 131.7 1404
III Hijza 418 261 1.10 1.28 4.16 134 836 171.2 90.7 974
v Hijoa 5.01 263 1.10 1.28 474 135 98.0 1763 113.0 107.7

that for Hy abstraction, respectively), indicate that these are not plausible
processes.

Thus, taking all these results together, it is shown that this tail-first
binding mode, in which AA is interacting with Lys409, is compatible with
5-LOX regiospecificity: not only C7 is the closest methylene group, but also
it is close enough to the OH  group, while Cyyp and Ci3 are considerably
further away. The calculated energy barriers confirm that these pre-reactive
minima would be favorable for H;7 abstraction, and unfavorable for Hyg and
Hi3 abstraction processes. In addition, the abstracted H7 turns out to be
the pro-S one (see Figure [7.21h), in good agreement with the experimental
stereoselectivity.

On the other hand, with a head-first type orientation, MD simula-
tions have not provided with structures with H7 in a good arrangement to
initiate the reactive process, whereas Hysg (and in a lesser extent Hyg), were
close enough for the reaction to take place. Again, the potential energy bar-
riers support this fact: with a head-first orientation, the most favorable pro-
cess is the Hy3 abstraction, with a potential energy barrier of 19.84 kcal /mol,
whereas Hy abstraction is 5.2 kcal/mol higher and, most importantly, H;
abstraction is 16.36 kcal/mol higher.

At this point, it has to be underlined that, according to Figure [7.19]
the probability of finding a head-first orientation snapshot with a C;-OH
distance as short as in the pre-reactive structure optimized from snapshot
III, turns out to be extremely low. Even in this way the barrier for the Hy
abstraction would be over 36 kcal/mol. Thus, it can be concluded that Hy
abstraction does not occur when AA is in the head-first orientation. There-
fore, the proposed tail-first orientation complex is consistent with the exper-
imental 5-LOX regio- and stereoselectivity, whereas a head-first orientation
will yield a 15/11-LOX or 12/8-LOX regioselectivity, in terms of hydrogen
abstraction.
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Reactivity of the apoenzyme complex As seen in the MD sec-
tion, in the case of the apoenzyme:substrate complex, distance distributions
of C7 and Cyp were very similar, thus indicating that in principle this sys-
tem would not discriminate between hydrogen abstractions from Cr and Cjy,
from a distance criterion point of view. The subsequent QM /MM study is
aimed to determine if C7, Cyg or even both positions, are reactive for the
hydrogen abstraction process, and then, which regioespecificity is consistent
within this substrate binding mode.

Then, a series of snapshots from the MD simulation of solution 11
in the apoenzyme, with a set of distances consistent with the distribution
reported in the previous section (Figure have been selected as the start-
ing structures for the study of the first step of the reaction mechanism.
The four selected snapshots were optimized giving the corresponding pre-
reactive minima, whose characteristics are shown in Table Values of
additional geometric parameters corresponding to the pre-reactive minima
and the transition state structures are given in Table In each case the
closest hydrogen atom of the corresponding methylene group has been the
abstracted atom.

Table 7.14: Main geometric parameters of the pre-reactive minima obtained from the
optimization of the four selected snapshots. Subscript X stands for 7 or 10.

Snapshots H-abstracted d(Cx-OH) (A) d(Hx,A-OH) (A) d(Hx,B-OH) (A)

A% H7 proS 3.52 3.96 2.49
VI Hios 3.5 4.15 2.44
VII H7 proS 4.19 4.41 3.13
VIII Hioa 3.63 2.68 4.13

Table 7.15: Main geometric parameters of the pre-reactive minima and TS’s of apoen-
zyme structures. Subscript X stands for 7, 10 or 13. Distance are given in A and angles in
degrees.

Snapshot  Hy d(Cx-0)  d(Cx-Hx) d(Hx-0) /(Cx-O-H)  /(Hx-O-H)

R TS R TS R TS R TS R TS
\% H7 proS 3.52 266 1.09 130 249 136 588 555 1042 89.6

VI Hi 0B 350 262 1.10 1.31 244 132 472 639 856 90.8
VII H7 proS 4.19 263 1.10 133 3.13 132 714 675 1026 814
VII HipA 363 262 1.09 1.31 268 131 143.8 1733 1188 1055

The structure of the reactant minimum of snapshot VI is repre-
sented in Figure [7.22] This snapshot presents Hjg close enough and in good
orientation to the Fe(III)-OH" cofactor.

In the apoenzyme structure the potential energy barriers range from
17.35 kcal /mol to 36.00 kcal/mol (Table|7.16[), but the set of initial distances
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Figure 7.22: Representation of a characteristic reactant minimum of the apo complex
obtained from optimization of snapshot VI showing the AA substrate and the Fe coordi-
nation sphere.

Table 7.16: Initial d(H-OH) and potential energy barriers corresponding to the indicated
hydrogen abstractions in the different pre-reactive structures obtained from optimization
of the four selected snapshots.

Anchoring
Structure H-abstracted Orientation  residue  d(Habs.-OH) (A) ITEaAa(kcal/mol)
A% H; proS Head First His600 2.49 18.2
VI Hios Head First His600 2.44 17.3
VII H7 proS Head First His600 3.13 23.4
VI Hipa Head First His600 2.68 36.0

exhibits a narrower distribution than in the case of the holoenzyme structure,
ranging from 2.44 to 3.13 A. Thus, a wide dispersion of energy barriers
comes from a narrow dispersion of initial geometries in terms of the set of
atoms that constitute the reactive part of the system (the pentadienyl system
defined by the bisallylic methylene and the Fe(III)-OH™ cofactor). Within
these structures there are some which favor a Hig abstraction process, but
there are also structures with an initial configuration favorable for a pro-S
H7 abstraction. This binding mode of AA in principle will be consistent with
5-LOX specificity, but also with 8/12-LOX specificity.

In fact, 5-LOX is known to attack both carbon atoms, but for slightly
different substrates: Cy is attacked in the first step to generate 5-HPETE
and, subsequently, the hydrogen on Cig is abstracted from the first-oxidation
product in the generation of leukotriene LTA4. As the substrates are differ-
ent, though, it is not clear whether their binding orientation should be the
same or not. Still, a model which puts both carbons proximal to the catalytic
machinery, given the geometry of the bisallylic methylens, might indeed be
plausible. Actually, in the previous studies on 15-LOX-1 (see previous Chap-
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ters), it has been shown that AA can adopt conformations in the active site
of the enzyme in which both Cig and Ci3 are at reactive distances of the
OH" group. In that case, abstraction of H;3 is favored by ~ 4 kcal/mol (in
agreement with the experimental ratio of 97:3 for 15/12 products in 15-LOX)
probably due to steric hindrance for Hyg abstraction, which is not necessarily
the case here.

Taken all the results together, to this point it can be established
that both apo and holo structures can accommodate the AA substrate into
the active site while having C; at reactive distances and with considerably
low potential energy barriers for the hydrogen abstraction process of pro-S
H7. Particularly, for the holoenzyme structure the binding mode compatible
with these characteristics presents the AA in a tail-first orientation with the
AA carboxylate end interacting with Lys409, and the AA methyl tail occu-
pying a region that is consistent with the mutagenesis experiments of Kiihn
and coworkers; the corresponding potential energy barriers show that only
H7 process is feasible, being Hig and Hi;3 unfavorable, which agrees with
5-LOX regio- and stereospecificity. On the other hand, for the apoenzyme
structure a head-first orientation binding mode has been identified with the
AA carboxylate end interacting with His600 and the methyl tail pointing
towards the region of Trp147; in this case the potential energy barriers in-
dicate that both Hy and Hjg abstractions are possible, the latter one being
scarcely observed experimentally.

The experimental observation that the only holoenzyme X-ray struc-
ture available with the AA substrate differs from the apoenzyme ones strongly
suggests that the protein suffers conformational changes upon substrate
binding, and that the final pre-catalytic complex will be different from the
apoenzyme structure. Unfortunately, the incomplete X-ray coordinates of
the holoenzyme structure do not permit to unambiguously determine the
AA orientation. Furthermore, all the methylene groups of the AA structure
are too far to be considered as a catalytically productive complex. Thus, this
holoenzyme crystal structure may not be the catalytically active one, and
thus the homology model generated here.

7.3.4 Study of the stability of the complexes: long MD sim-
ulations

Up to this point, a reactivity study of the generated binding modes has been
provided. However, as explained before, even when it has been possible to
find AA:protein complexes compatible with 5-LOX catalysis, it has not been
possible to discriminate if any of these structures is the final productive
structure of 5-LOX. Taking all the considerations explained here, a final
study of the obtained AA:Stable-5-LOX complexes has been carried out by
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Figure 7.23: Representation of the evolution of the system during the 100ns production
step. a) Evolution of AA. The enzyme is only shown in its initial position, as a reference.
Initially, the AA carboxylate end is interacting with Lys409 (yellow structures). As the
simulation progresses, this interaction is lost, and the substrate leaves the active site but
it remains at the protein surface. Later on, the AA carboxylate end interacts with Lys423
and Arg596, which are placed at the other end of the active site cavity. Finally, the AA
tail enters the cavity through the opposite end, giving a reverse orientation to the starting
one (structures in blue); b) evolution of the FY-cork (Phel77-Tyr181), and c) evolution
of His600, superimposed with one snapshot of AA (green).

means of long MD simulations in order to get new insights of their structural
behavior along the trajectory. Obviously, the way AA is positioned in the
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active site will affect the geometric changes that the enzyme experiences and
vice versa (substrate-induced conformational changes). This MD study is
aimed to estimate the long-term stability and conformational changes that
has not been observed in the previous ones. Therefore, MD simulations of
100 ns production runs were carried out for each of the complexes studied
in the previous sections: solution 34 (holo, tail first), solution 12 (holo, head
first) and solution 11(apo, head first).

7.3.4.1 Tail first AA:holo complex (solution 34)

For solution 34 (tail first) of docking to holoenzyme, the complex remains
relatively stable during the first 18 ns after which AA abandons the active
site. During this 18 ns, the AA carboxylate interacts with Lys409 and the
distance order (with respect to the Fe(III)-OH" cofactor) C7 < Cig < Cy3 is
maintained (see Figure . After this point, the substrate abandons the
cavity, but it remains at the protein surface and, later on, the AA carboxylate
interacts with Lys423 and Argh96, which are placed at the other end of the
active site cavity. The evolution of the substrate along the 100 ns trajectory

is depicted in Figure [7.23h.
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Figure 7.24: Evolution of the distances d(C7-OH), d(C10-OH) and d(C13-OH) along the
100 ns of production step of the holo tail-first complex.

Figure[7.25]shows the distances of the AA carboxylate group to some
polar/positive protein residues during the 100 ns trajectory. As commented,
AA interacts with Lys409 during the first 18 ns and then, after abandoning
the active site, it contacts alternatively with Lys423 and Arg596. At the end,
during the last 25 ns, AA loses its interaction with Arg596 and it establishes
a interaction with Lys423 that lasts till the end of the simualation. Finally,
the AA tail enters the cavity through the opposite end, giving a reverse ori-
entation to the starting one and with the bisallylic carbons far from the OH"
group, but essentially maintaining the same configuration of its backbone.
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Figure 7.25: Evolution of the distance of the AA carboxylate end to polar/positive
residues Lys409, Lys423 and Arg596 during the 100 ns production step of the holoenzyme
tail-first simulation.

The Phel77+Tyr181 pair stays in a similar conformation as in the crystallo-
graphic holoenzyme structure (Figure [7.23b), which gives AA access toward
the solvent from inside the binding cavity. Also, His600 orientation (Figure
mc) remains nearly unchanged during the course of the simulation, keeping
its outward position.
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Figure 7.26: Protein and AA heavy atoms RMSDs during the 100 ns production step of
the AA tail-first:holo 5-LOX complex .

The active site cavity of the holoenzyme structure obtained here by
homology modeling, which basically is a consequence of the structure of the
original incomplete crystallographic coordinates, presents a wider and more
opened active site cavity than the apoenzyme structure, and also exhibits
great plasticity. A wide access channel is precisely at the cavity end where
Lys409 is placed, thus this fact could explain why AA leaves the cavity,
apparently, so easily. The RMSD of the protein backbone with respect to the
initial structure, and the RMSD of the 20 carbon atoms of AA with respect
to the substrate average structure is represented in Figure[7.26] The protein
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Figure 7.27: Protein RMSF along the 100 ns production step, showing: (a) protein
structure colored according to RMSF values (from 0 (red) to 7 (blue)); (b) RMSF of
protein Ca versus protein residue index.

RMSD continuously increases during the simulation, reaching a value near 4
A at the end, which indicates that the system is not well stabilized and also
agrees with the high flexibility of 5-LOX reported in the literature2? The
RMSF (Root Mean Square Fluctuation) of the protein Ca atoms during the
100 ns trajectory is represented in Figure [7.27] The RMSF presents several
peaks, specially standing out a sharp peak in between residues 190-200, which
are precisely the residues of the unfolded loop modeled by homology modeling
that cannot be seen in the crystallographic coordinates, corroborating the
high flexibility of the system.

7.3.4.2 Head first AA:holo complex (solution 12)

For solution 12 (head first) of docking to holoenzyme, AA remains in the
active site cavity for the whole 100 ns (see Figure [7.28p), and the bisallylic
carbon Cy is quite far from the OH" group (Figure . In Figure the
evolution of the distances from the AA carboxylate end to polar/positive
residues is presented. Initially, the AA carboxylate end is interacting with
GIn363 and GIn557. At the end, it is positioned in the part of the cavity sur-
rounded by GIn363, GInb557, Asn424, Ala425, Phe359, His600 and, notably,
Tyr181. Tyrl81 has changed conformation and is now pointing into the cav-
ity (as in the apo structure) and is making a hydrogen bond with the AA
carboxylate (in the last snapshot, the d(Tyr181(OH)-AA(COOQ)) distance if
of 1.75 A). Phel77 has also changed conformation and points into the cav-
ity providing, all together, a lid that seems to prevent AA from escaping.
During the simulation, the hydrophobic tail moves from its initial position
to the part of the active site delimited by Trpl47, occupying the same zone
as described for the solution 11 of the apoenzyme dockings (head first). In
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Figure 7.28: Representation of the evolution of the system during the 100 ns production
step. a) Evolution of AA. The enzyme is only shown in its initial position. Initially, the
AA carboxylate end is interacting with GIn363 and GIn557 in a head-first orientation.
This orientation remains during the simulation, but the AA carboxylate end interacts with
several positive/polar residues, among His600, Asn425, Gln363 and GIn557; b) evolution of
the FY-cork (Phel77-Tyr181), and ¢) evolution of His600, superimposed with one snapshot
of AA (purple-gray).

this case, His600 also maintains its outward orientation during the 100 ns
trajectory (Figure ).
The protein RMSD also tends to values near 4 A (Figure [7.31h),
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Figure 7.29: Evolution of the distances d(C7-OH),

(a) Evolution of distances.

(b) Histogram of distances.

100 ns of production step of holo head-first complex.
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Figure 7.30: Evolution of the distance of the AA carboxylate end to polar/positive
residues His600, Asn425, GIln363 and GIn557 during the 100 ns production steps of the
holoenzyme head-first simulation.
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Figure 7.31: Protein and AA heavy atoms RMSDs during the 100 ns production step of
the AA head-first:holo 5-LOX complex .
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as in the previous case of the holoenzyme tail-first complex (Figure [7.26).
However, the AA RMSD (Figure [7.31p) shows lower values (Figure [7.26p),
as in this case, the substrate stays inside the binding cavity for the whole
100 ns trajectory.

7.3.4.3 Head-first AA:apo complex (solution 11)

For solution 11 (head first) of the docking to apoenzyme, the simulation
shows less structural changes (Figure . Distances distribution for Cy,
Ci0 and Cjy3 remain qualitatively the same as the one shown during the
20 ns trajectory (compare Figures and , with both C; and Cyg
being close to the OH™ group (here C7 more populated at shorter distances).
The AA carboxylate starts interacting with His600 and Asn425 and, after
45 ns a slight shift moves it to establish a hydrogen bond with Tyrl81, as
observed for solution 12 (see the distances of the AA carboxylate end to close
residues in Figure. His600 has rotated and it is now in the conformation
observed for the holoenzyme (Figure ) Phel77 and Tyrl81 stay in a
conformation similar to that observed in the crystal structure (Figure|7.32p).
Interestingly, during the 100 ns trajectories, solution 12 and 11 (both head
first) converge to be localized in the same region of the active site, although
the central part of AA is bent down towards the Fe(IIT)-OH" cofactor for
solution 11, whereas it is bent towards the top (surface) of the cavity for
solution 12, which brings the bisallylic carbons away from the Fe(III)-OH
cofactor.

The apoenzyme structure clearly exhibits less flexibility than the
holoenzyme (both head and tail first) during the 100 ns production step. The
RMSD for the heavy protein atoms in the apoenzyme reaches its maximum
value at ~ 2.5 A, in contraposition to the holoenzyme simulations, which
tend to a protein RMSD of near 4 A in both cases (tail and head first).
There are also remarkably differences in the RMSF functions (Figure
shows the RMSFs of all AA:5-LOX complexes). The apo form not only does
not present the high RMSF peak around residue ~ 200 (the solvent-exposed
loop), but it also exhibits higher values at other residues, whereas in the
holoenzyme this loop shows a clear maximum.

In a recent study of mutagenesis experiments, it has been proposed
that the Phel77/Tyr181 pair does not act as a cork as previously proposed,
but as a twist-and-pour closure. This implies that the conformation of these
two residues in the holo crystal structure will not be compatible with the
pre-catalytic geometry. The results obtained here from the MD simulations
suggest that this F'Y pair probably needs to close the active site cavity during
the catalytic process, even if it cannot be concluded that the instability of
the holo tail-first is due to the opening of this FY pair. Thus, these 100 ns
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Figure 7.32: Representation of the evolution of the system during the 100 ns production
step. a) Evolution of AA. The enzyme is only shown in its initial position. Initially, AA
carboxylate end is interacting with His600 and Asn425. After 45 ns, AA head moves
towards Tyr181; b) evolution of the FY-cork (Phel77-Tyr181), and c¢) evolution of His600,
superimposed with one snapshot of AA (orange).

simulations seem to support the idea proposed by Newcomer and coworkers
that the Phel77+Tyr181 pair would be aAlJclosingaAl the active site during
the chemical reaction. Moreover, in a head-first orientation Tyr181 is the
residue that interacts with the AA carboxylate. However, in the case of the
tail-first orientation, also studied in this work, it cannot be concluded if the
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Figure 7.33: Evolution of distances d(C7-OH), d(C10-OH) and d(C13-OH) along the 100
ns of production step of apo head-first.
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Figure 7.34: Protein and AA heavy atoms RMSDs during the 100 ns of production step
of the AA head-first:apo 5-LOX complex .
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Figure 7.35: Evolution of the distance of the AA carboxylate end to polar/positive
residues His600, Asn425, GIn363 and Tyrl81 during the 100 ns production steps of the
holoenzyme tail-first simulation.
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Figure 7.36: RMSFs of protein Ca versus residue index for holo tail first (red), holo head
first (brown) and apo head first (blue) complexes along the 100 ns trajectories.

AA:Stable-5-LOX complex is not stable due to the binding mode or as a
consequence of the FY-cork being open. On the other hand, His600 seems
to adopt the conformation observed in the holo crystal structure and it is
not directly interacting with the AA carboxylate, which may be indicating
that the effect observed experimentally upon mutation of this residue is due
to a change in shape and/or volume of the binding cavity (direct or by

affecting other residues), as has been proposed by Kiithn and coworkers for
the F359W-A4241-N425M triple mutant L8120

7.4 Conclusions

In this Chapter a study of human 5-LOX has been performed using a multi-
scale approach combining homology modeling, protein-ligand docking, MD
simulations and QM /MM calculations. The study is based on the crystallo-
graphic data available, using one of the structures of the apo form (308Y),
and the only one available structure of the holo form (3V99), which lacks
some coordinates and has been completed by homology modeling. For both
apo and holo forms, the most probable AA binding modes have been deter-
mined, as well as the regio- and stereoselectivity expected, and the residence
time of AA (i.e. the AA stability), for each binding mode.

The results presented here show that there are two possible binding
modes in the holoenzyme: (a) a tail-first type orientation, with the AA car-
boxylate end interacting with Lys409 and, (b) a head-first type orientation in
which the AA carboxylate group interacts with GIn363 (and GIn557). With
a tail-first orientation, C; is the closest methylene group, whereas Cip and
Ci13 are further away. In this case, the abstraction of the H; pro-S is clearly
the most favorable process. On the contrary, with a head-first orientation,
C19 and Cq3 are much closer to the OH™ group than C7, with Hq3 abstraction
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the most favorable process and H; abstraction being not possible. Thus, AA
can be positioned in the holoenzyme with both head- and tail-first orienta-
tions, but only tail first exhibits a 5-lipoxygenating activity, whereas head
first yields 15/11-LOX or 12/8-LOX specificity, in terms of hydrogen ab-
straction. These results are in agreement with the docking simulations of the
in silico mutants: when the residues of the bottom of the active site cavity
are mutated to bulkier residues, Lys409 no longer can bind AA (tail-first
orientation) as the cavity volume decreases, but Gln363 can still bind the
AA carboxylate end (head-first orientation) and also gives positions with Ci3
and Cig close to the Fe(III)-OH™ cofactor. Thus, AA can be positioned in the
active site with both head-first and tail-first orientations, but only tail-first
orientation gives structures reactive by Cr.

On the other hand, for the apoenzyme a head-first orientation bind-
ing mode has been identified, with the AA carboxylate end interacting with
His600, and its methyl tail pointing towards Trpl147. His600 is positioned
outward in the holoenzyme, whereas in the apoenzyme is directed inward
to the Fe(III)-OH" cofactor. As a consequence, AA cannot interact with
His600 in the holoenzyme. In this binding mode of the apoenzyme, both Cy
and Cyg are close enough to the catalytic iron being Ci3 quite further, and
QM /MM calculations predict that both H7 pro-S and Hjg abstraction pro-
cesses are feasible. Thus, we could suppose that the reactive binding mode of
AA inside human 5-LOX could be a head-first orientation with the carboxy-
late end interaction with His600, as proposed by an experimental model 4
However, at the current state of the experimental knowledge, it would seem
somewhat unlikely for three reasons: Firstly, AA should have entered into
the active site maintaining the inward His600 orientation corresponding to
the apoenzyme, in contraposition to the His600 outward orientation of the
available crystallographic structure of the holoenzyme. Second, that orien-
tation would lead to both the pro-S Hr and Hyy abstractions, what it is not
experimentally observed. Third, in a recent study by Wu et al.*%¥ a large
molecule known as a competitive inhibitor of 5-LOX, was docked into the
binding pocket of the apoenzyme crystal structure. The negative correlation
coeflicient obtained between the experimental and predicted 1Csy made the
authors conclude that this structure cannot be used for drug screening before
the conformational flexibility of 5-LOX is further analyzed and included in
the model.

Finally, long MD simulations have shown that only the head-first
binding modes (both holo and apo forms), remain relatively stable during
the 100 ns, whereas in the tail-first binding mode, AA loses its interaction
with Lys409 and abandons the cavity at 18 ns, entering later through the
opposite side and resulting in a reverse orientation which inverts the methy-
lene distances order. In the holoenzyme head-first binding mode, AA starts
interacting with GIn363 and GIn557, but it ends up at the part of the cav-
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ity surrounded by GIn363, GIn557, Asn425, His600 and Tyrl81, and with
Cy far away from the catalytic iron. In the apoenzyme AA carboxylate end
evolves to form a hydrogen bond with Tyr181, whereas His600 rotates from
the inward to the outward orientation corresponding to the holoenzyme.

Summarizing, based on the crystallographic data, three possible
binding modes of AA to 5-LOX have been identified, but only one of them
would clearly exhibit predominant 5-lipoxygenating activity. However, long
MD simulations show that this binding mode is not stable, at least with
the holoenzyme crystalographic structure available. So, it can be concluded,
that the holoenzyme currently available at the PDB is not good enough to
reproduce the actual conformation of the protein when the catalytic process
occurs.

The results of this Chapter have been published in paper:

e Physical Chemistry Chemical Physics, vol. 18, no. 113, pp. 23017-
23035, 2016






Chapter 8

S8R-LOX

8.1 Introduction

So far, the factors governing the reaction specificity of the first step of LOXs
reaction mechanism have been studied for 15-LOX-1 and 5-LOX. These two
isoforms are S-lipoxygenating enzymes, as they generate the final hydroper-
oxidation product with S-stereochemistry. To complete our knowledge of the
regio- and stereospecificity of LOXs reaction, the determinants of the stere-
ocontrol will be also considered. The number of S-LOXs in nature is greater
than their counterparts R-LOXs, and much less is known about the latter
ones. Coral 8R-LOX, that generates SR-HETE, is one of the R-LOXs fam-
ily members whose crystallographic structure has been solved. The crystal
structure of the ligand-free form of 8 R-LOX was reported a few years ago
(PDB ID 2FNQ)#! and, more recently, a complete structure of the AA:8R-
LOX complex was released by the same authors (PDB ID 4QWT).? In
this structure, unlike the case of human 5-LOX, the substrate coordinates
are perfectly determined, and a tail-first substrate orientation with the AA
carboxylate end interacting with Argl82 (Figure is observed.

Experimentally, it has been observed that the hydrogen abstraction
step comes essentially from a unique position, pro-R Hyg.22 In the crystal-
lographic structure of the AA-bound form the substrate is well-positioned
to yield the hydrogen abstraction from Cjy (Figure . What is more in-
teresting, though, is the second reaction step, the oxygen insertion. It has
been proposed in the literature that a single residue can direct the stereo-
chemistry of the hydroperoxidation product 1923 In this sense, it has been
found that in many S-LOXs a conserved Alanine of the active site is lo-
cated over the pentadienyl group of the substrate, whereas in many R-LOXs
this residue turns out to be a Glycine. This Gly/Ala “switch” can direct the
incoming oxygen molecule either to the n — 2 or n + 2 position of the penta-
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dienyl moiety (where n is the hydrogen abstraction position), which results
in hydroperoxidation products with opposite stereochemistry.

Figure 8.1: Representation of subunit C of structure 4QWT. The box on the left shows
a detailed view of the active site, showing the AA substrate, the Fe-coordination sphere,
and Argl82.

The existence of this “switch” has been suggested based on muta-
genesis experiments® For instance, the mutation of Gly427 in 8 R-LOX to
an Ala changes dramatically the product specificity, resulting in almost ex-
clusively 12-HETE with 98% of the S-stereoisomer. Similar alterations are
also observed in another R-LOX, human 12R-LOX, in which the Gly441Ala
mutant produces the 8-HETE S-stereoisomer. In the same way, when the
opposite mutation Ala — Gly is performed in a S-LOX, the corresponding
mutant generates the R-HETE product. This alteration has been observed
in mouse 85-LOX and human 155-LOX-2 whose mutants led to the 12R-
HETE and 11R-HETE products, respectively. To explain this change in the
enzyme stereoselectivity, it has been proposed that the Alanine residue in
15S-LOX-2, for instance, shields the n — 2 (Cy;) position favoring the oxida-
tion at the n+2 (Ci5) position in S-LOXs, whereas in 8 R-LOXs the Glycine
does not block the n — 2 (Cg) position favoring the oxidation at this site.
So, when Ala is mutated to Gly in 155-LOX-2, oxidation at position n — 2
is not impeded anymore leading to the 11 R-HETE product, whereas in the
Gly427Ala 8 R-LOX mutant position n—2 is blocked and oxygen enters at the
n + 2 position giving the 125-HETE product. Moreover, the presence of one
or another residue in this position may suppose further structural changes
in the active site, and the complete molecular basis is not well-understood
yet. In coral 8 R-LOX, in particular, it has been suggested that the invariant
Leu431, which is spatially close to Gly427, may be involved in controlling the
oxygen access, but this supposition is based only in crystallographic data.

So, the main interest of this Chapter is focused on the second step
of the reaction mechanism, the oxygen insertion step. This second step has
been extensively studied in our research grouptH93205 iy rabbit 15-LOX-
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1, a S-LOX. In this Thesis coral WT 8R-LOX and its Gly427Ala mutant
have been selected to explore the mechanistic basis of the stereocontrol of
LOXs hydroperoxidation process by means of analyzing at molecular level
the oxygen insertion step. In addition, the hydrogen abstraction reaction
(first step of the catalytic mechanism) in coral WT 8R-LOX has also been
studied.

8.2 Methodology

8.2.1 Preparation of the initial coordinates of the AA:-8R-
LOX complex

Crystal structure 4QWT of 8 R-LOX contains the AA substrate in subunit
C. This subunit including the substrate has been selected and prepared to
perform the study of the reactivity of this system. The crystallographic co-
ordinates lack a small region (indexes 307-315) in all the four subunits. This
loop region has been reconstructed in subunit C by the “loop refinement”
facility of program Modeller9.2 198

8.2.2 In silico mutagenesis

The starting structure employed to generate the in silico mutant Gly427Ala
corresponds to the hydrogen abstraction product of the WT 8R-LOX (see
results below), as this mutation has been proposed to affect only the second
reaction step. The mutant was generated by changing the residue Gly427 to
Ala with the Mutator Plugin of the VMD program 72

8.2.3 Molecular Dynamics simulations

All hydrogen coordinates have been generated with the program PROPKA
version 3209207 ysing a standard pH = 7 for the tritable residues. The system
has been solvated in a cubic box of pre-equilibrated TIP3P water molecules
of dimensions 125 A x 125 A x 125 A. Then the system was neutralized with
K™ ions, and an additional KCI salt concentration was added to reproduce
the experimental ionic strength of a 0.15 M solution. The resulting system
contains nearly 184000 atoms, about 11000 of which belonging to the protein.

MD simulations were run with the program NAMD2.9 142 The CHAR-
MM36 force field?’® was used for the protein and lipid atoms, and the Fe
coordination sphere was described by an update of the parameters specifi-
cally derived by Saam et. al. 137 First, the system was sent to 10000 initial
energy minimization steps using the Conjugate Gradient algorithm. Then,
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MD simulations using PBC were carried out. An equilibration step of 1 ns
at constant temperature and pressure (300 K and 1 atm) was run . Langevin
dynamics was used to control temperature and the Nosé-Hoover method?"”
with Langevin piston pressure control?¥ was employed to control fluctua-
tions in the barostat. Harmonic restraints to the protein backbone (with a
force constant of 1.0 kcal mol~! A=2) and side chains (with a force constant
of 0.1 kcal mol~* A‘Z) were applied by means of the definition of a set of col-
lective coordinates I while the remaining system was kept free of restraints.
Next, a production step of 100 ns was within the same (N,P,T) ensemble.
A time step of 2 fs was used along the whole MD trajectory. All bonds
and angles containing hydrogen atoms were constrained by the SHAKE al-
gorithm “*? Long-range electrostatic interactions were treated by the PME
method 23 A cutoff of 12 A was used to treat the non-bonding interactions.

8.2.3.1 MD simulations of the Gly427Ala mutant

For the Gly427ALa mutant the same protocol as described in the previous
section was applied, except that, for the production step, a total of 50 ns
were run.

8.2.4 QM/MM calculations

The program Q-CHEM (version 4.2)22%21 with the CHARMM interface®™
was used. The complete system derived from the MD simulations was trimmed
to a 20 A radius sphere centered on the AA molecule, containing 2000 atoms.
The QM region was described for all the atoms at the B3LYP-D3/6-31G(d,p)
level 219217 The MM region was described by the CHARMMS36 force field 48
For the study of the hydrogen abstraction step (with a sextet multiplicity)
the QM region was comprised by 55 atoms (Figure ): 8 atoms of each
imidazole ring of the three Histidines, the side chain of Asn574, the ter-
minal carboxylate group of [1e693, the pentadienyl group around Cig of the
lipid substrate, and the Fe(III)-OH™ cofactor. A full electrostatic embedding
scheme has been employed and seven link atoms were used for the QM /MM
boundary. No cutoffs were introduced for the non-bonding MM and QM /MM
interactions.

For the oxygen insertion step (with a doublet multiplicity because
the Fe atom is included in the MM region), a smaller QM region was em-
ployed, containing the oxygen molecule and the pentadienyl radical centered
on Cyo, making a total of 18 QM atoms (Figure [8.2b). In this case, two link
atoms were employed in the QM /MM boundary.
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Figure 8.2: Representation of the QM /MM boundary employed in the hydrogen abstrac-
tion step (a), and in the oxygen insertion step (b). QM atoms are depicted in red, and
link atoms are represented by wavy blue lines.

8.2.5 Free Energy Calculations

The Free Energy Profile has been calculated using the Umbrella Sampling
(US) method. For the hydrogen abstraction step, a total of 19 windows
separated by 0.2 A along the reaction coordinate were selected, compris-
ing the entire range of the reaction coordinate. In the same way, 13 win-
dows were selected to study the oxygen insertion step. For each window,
an initial step 0.2 ps of classic MD was performed, followed by 3 ps of
QM(B3LYP-D3/6-31G(d,p))/MM dynamics. Each simulation was restrained
into the corresponding particular window with a force constant of 250.0 kcal
mol ! A‘z). The free energy profile was computed employing two differ-
ent algorithms, the binless implementation of the weighted histogram anal-
ysis method (WHAM)MO2I8 and a high-precision implementation of the
dynamic histogram analysis method (DHAM)* to calculate both the free
energy profile and the kinetic rate constant of the reaction.
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8.3 Results and Discussion

8.3.1 Hydrogen abstraction step
8.3.1.1 MD simulations

The starting structure for the MD simulations was derived from the crystal
structure 4QW'T, subunit C, crystalized with the substrate in the active site.
In this structure the substrate is positioned in a tail-first orientation with
AA carboxylate end interacting with Argl82. Although this crystal struc-
ture could be considered as a good starting point to perform the pro-R Hjg
abstraction process, as the C1g methylene group is very close to the catalytic
iron, an structure derived from the MD simulations has been selected for this
purpose, in order to account for the relaxation of the system at the given
temperature.

In this sense, the first criterion to select a starting structure in good
agreement with the regioselectivity of 8 R-LLOX is based on the distances of
the three reactive bisallylic methylenes to the oxygen atom of the Fe(III)-
OH™ cofactor. These distances have been monitored along the MD simulation
giving the results presented in Figure The average of the d(C7-OH),
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Figure 8.3: Evolution of distances d(C7-OH), d(C10-OH) and d(C13-OH) along the 100
ns of production step.

d(C19-OH) and d(C;3-OH) distances (standard deviation in parenthesis),
are of 7.57 (2.09) A, 5.47 (1.33) A and 6.16 (1.50) A, respectively. Therefore,
Cio is in average closer to the catalytic iron than C7 and Ci3 as it would be
expected for a 8-LOX reaction specificity. In Figure the evolution of the
three distances is represented. During the first 15 ns, Cyq is clearly closer to
the Fe(III)-OH™ cofactor. After 15 ns all the three bisallylic methylenes get
further, but d(C19-OH) remains as the shortest distance till 45 ns. Then an
inversion of the distances order occurs and d(C13-OH) becomes the shortest
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distance till 85 ns, after what, d(C19-OH) becomes again the closest. Thus,
fluctuations of the distances take place during the MD production trajectory,
but a good number of conformations where Cyg is in a better disposition with
respect the oxygen of the OH™ are generated. Figure shows the first and
last frame of the MD production step.

)

Figure 8.4: Overlay of the first (blue) and last (purple) frame of the MD production step
showing the complete protein structure (a) and the active site cavity (b).

The RMSD of the protein heavy atoms with respect to the initial
frame of the production step, and the RMSD of the AA heavy atoms with
respect to the average structure are represented in Figure A jump the in
protein RMSD is observed at 45 ns, which mainly corresponds to a fluctua-
tion in the N-terminal domain. From this point, the protein RMSD stabilizes.
In the case of the AA RMSD it is observed a larger value at the beginning
of the simulation after which the RMSD also stabilizes.

51 i
— o 4 Il N
= =
2 g3
= =
~ e o9l

1 ] 1l !

05 ! ! ! ! 0 ! ! ! !
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)
(a) Protein RMSD. (b) AA RMSD.

Figure 8.5: Protein and AA heavy atoms RMSDs during the 100-ns production step.
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S >

Figure 8.6: Selected snapshot form the MD simulation to perform the reactivity study.
This snapshot is found during the first steps of the MD production runs, where the dis-
tances distribution of the bisallylic methylenes is in agreement with the regiospecificity of
8R-LOX in terms of hydrogen abstraction.

8.3.1.2 QM/MM calculations

The structure selected for the subsequent calculations (Figure has been
selected from the first 45 ns of the MD production step according to the
distances criterion . Geometric parameters of interest of this structure are

given in Table

Table 8.1: Geometric distances (in A) of the selected snapshot from MD simulation and
the resulting structure optimized at the QM/MM level.

Structure d(Cr-OH) d(C13-OH) d(C10-OH) d(pro-R H10-OH) d(pro-S H;0-OH)

MD
snapshot 4.93 5.74 3.41 2.75 4.40
Reactant
minimum 4.96 5.57 3.22 2.44 4.14

It is observed that the reactant structure fulfills the conditions of
8-lipoxygenation specificity in terms of hydrogen abstraction: the closest car-
bon atom to the oxygen of Fe(III)-OH™ cofactor is clearly Cjg; pro-R Hig
is closer than Cjg, presenting thus a good orientation towards the reactive
OH™ to initiate the reactive process, and also, pro-S Hig is further than
pro-R Hjp (and Cjg as well), thus being not able to compete with pro-R Hjg
for the reaction.

The optimized geometry of the reactant minimum has been used as
the starting point to construct the potential energy profile along the reaction
coordinate. The reaction coordinate, z, is defined as the difference between
the distance of the breaking bond (Cj9-Hjg) and the forming bond (H;0-O),
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being Hig the pro-R hydrogen. To construct the potential energy profile, a
series of optimizations of the mobile part of the system have been performed
in the presence of harmonic restrictions on the reaction coordinate, which
increases with a step size of 0.2 A. The process has been repeated forward
and backward until convergence to avoid hysteresis. The resulting potential
energy profile is depicted in Figure 8.7
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Figure 8.7: Potential energy profile for pro-R Hio abstraction. The converge profile is
achieved for a potential energy barrier of ~ 15 kcal/mol.

Along this profile, reactants are located approximately at z = —1.3
A, and products at z = 1.3 A. The transition state (TS) structure is located
at z = 0.0 A, which indicates that the TS is highly symmetrical with respect
to the movement of the transferred atom along the reaction coordinate. The
potential energy barrier for pro-R Hyg abstraction is around 15.0 kcal/mol.
This is a low barrier compared with previous studies of hydrogen abstraction
processes in similar systems (19.6 kcal/mol in 15-LOX-1 (see Chapter 3)
and 18.0 kcal/mol in 15-LOX-2 for pro-S Hjs abstraction). This result is in
agreement with experiment, since the catalytic rate constant for 8 R-LOX
is higher than for other mammalian LOXs (see Introduction Chapter for
details). The reaction is exoergic by 10.0 kcal /mol.

8.3.1.3 Spin densities

Atomic populations from spin density, which indicate the excess of « spin,
have been evaluated during the reactive process for atoms Cg, Cg, Cig, C13
and Cis of the pentadienyl system, the abstracted hydrogen pro-R Hig , and
the catalytic iron (Figure . Initially, the spin density on the mentioned
AA atoms is zero, and as the reaction progresses, an increasing spin density
appears on Cyg and delocalizes over Cyg, Cg and Cyo, going from 0 a.u. to
0.5 a.u. over each of these atoms. At the same time, the spin density on Cq
and Ci; changes from 0 to -0.2 a.u. The sum of spin densities over these car-
bon atoms yields approximately 1.0 a.u. which corresponds to one unpaired
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electron delocalized over the pentadienyl radical system. The spin density
on Fe decreases from 4.1 to 3.7 au, as corresponds to the transition of a
Fe(III) sextet configuration to a Fe(II) quintet configuration. Spin density
on pro-R Hjp remains virtually zero during the reactive process, indicating
that this atom correspond to a proton rather than a hydrogen atom bearing
an electron. Furthermore, this atom is positively charged during the reaction
process, whit a charge changing from 0.15 to 0.38 a.u. Thus, this process cor-
responds to a Proton Coupled Electron Transfer (PCET) process, in which
the proton and the electron are transferred to different acceptors: the proton
is transferred to the OH™ group oxygen to produce water, whereas the elec-
tron is transferred from the Cg-Cio pentadiene group of AA to the Fe(III)
to form Fe(II).
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Figure 8.8: (a) Spin densities on atoms Cs (red), Cy (green), Cio (blue), Ci1 (yellow),
Ci2 (cyan), pro-R Hig (magenta) and Fe (black), and (b) NPA chages on pro-R Hig during
the hydrogen abstraction step.

8.3.1.4 Free energy calculations

To account for the thermal and entropic contributions the free energy profiles
were calculated using the Umbrella Sampling (US) method. Biased QM /MM
molecular dynamics simulations were performed for 57 ps distributed in 19
umbrella windows at the B3LYP-D3/6-31G(d,p) level using the same QM
region as previously defined (Figure ) Here we have used the recently
developed DHAM method to calculated both the free energies as well as the
kinetic rate corresponding to the catalytic reaction. We used a new high pre-
cision Matlab implementation of the DHAM method to numerically obtain
accurate free energy profiles for this reaction with a high free energy barrier,
in which the largest eigenvalues of the Markov matrix are almost degenerate.
The histograms of the different US windows are represented in Figure [8.9]
where it is observed that there is good overlapping among the windows.
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Figure 8.9: Histogram of the 19 US windows sampled in the hydrogen abstraction process.

The Markov matrices corresponding to the unbiased transition prob-
abilities of the system have been calculated at ten different lag times (1, 2,
3... 10 fs) and three different number of bins (600, 800 and 1000), and their
spectral decomposition have been determined. The slowest relaxation rate
corresponding to the second largest eigenvalue provided an average rate con-
stant of 35 s~ with a considerable standard deviation of 30 s™!, calculated
using the different conditions (lag times and number of bins) above. The
free energy barrier using the DHAM method was found to be 16.0 kcal /mol
(Figure , very similar to the potential energy barrier (Figure . The
DHAM calculated free energy compares well with the phenomenological free
energy barrier of 14.4 kcal/mol at T = 300 K (kcat = 210 s~1). The unidi-
mensional free energy profile using the traditional WHAM method has been
also calculated for comparison with DHAM (Figure . A free energy bar-
rier of 17.7 kcal /mol is obtained in this case.

T DHAM — —
15 b /N WHAM ——— |

Free energy (kcal/mol)

-2 -15 -1 =05 0 05 1 15 2
Reaction Coordinate (A)

Figure 8.10: Free energy profiles (red WHAM and blue DHAM) calculated at the B3LYP-
D3/6-31G(d,p) level of theory for the hydrogen abstraction step.

At this point, it can be noted that, according to canonical variational
transition-state theory21%220 the free energy barrier (AGCVT) is related to
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the rate constant by means of the equation

where k is the rate constant, T is the temperature, kg is BoltzmannaAZs
constant, h is PlanckdAZs constant, R is the gas constant, and T is the quas-
siclassical transmission factor that corrects the rate constant for dynamical
recrossing through the dividing surface corresponding to the canonical varia-
tional transition (CVT) state (that is, where the generalized transition-state
free energy of activation is maximum). The frequency factor kgT'/h equals
6.3 x 10'2 s71 at T = 300 K, but the calculation of T' is not easy. The
advantage of using the DHAM method is that, at least at an approximate
level, the barrier-crossing times can be estimated directly from the global
analysis of local Umbrella Sampling trajectories, so that the effect of the dy-
namical recrossing is incorporated. Thus, the entire pre-exponential factor in
Eq. can be obtained substituting in that equation the rate constant and
the free energy barrier calculated by the DHAM method, leading to a value
of approximately 14.2 x 10'2 s=! at 300 K. This value does not indicate a
significant contribution of dynamical recrossing at the CVT dividing surface
in this case. Such a conclusion is in agreement with the results obtained

in a previous study carried out in our research group on the H-abstraction
process in 15-LOX-2221

8.3.2 Oxygen insertion step
8.3.2.1 Initial position for oxygen attack

To start the study of the second reaction step, the oxygen addition to the AA
pentadienyl moiety, the structure corresponding to the product minimum of
pro-R Hjg hydrogen abstraction step (see previous section) has been fully
optimized at the QM /MM level. The resulting structure consists of a radical
delocalized over the Cg-Co-C19-C11-C12 pentadienyl system (see spin density
in Figure . The oxygen positioning procedure has been performed over
this structure. In order to avoid favoring certain initial positions, several
oxygen molecules were initially placed randomly taking into account the
Cartesian axes (Figure and making a total of 18 oxygen molecules.

Figure shows the initial poses of the oxygen molecules of Figure
along the AA substrate. The oxygen molecules have been placed point-
ing to the target carbon atom with an initial distance from the closest oxygen
atom to the carbon atom of 3.5 A. Two different sets of structures were gen-
erated, those prepared for the oxygen attack at Cg, and those corresponding
to the attack at Cio, making a total of 36 starting structures.
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Ty

Figure 8.11: Starting positions of the oxygen molecules. These molecules are placed
along the z, y, and z Cartesian axes and along the bisector axes contained in the zy, zz
and yz planes, being the target carbon (Cs and Ci2) atom at the origin. A total of 18
oxygen molecules were placed around each of the two reactive carbon atoms as shown in
the Figure.

For each structure a single-point energy calculation has been per-
formed in order to filter out the most stable positions. The results show that
there are two positions that clearly exhibit higher stability (one correspond-
ing to the placement around Cg and the other around Cis), and it stands
out that in both positions the oxygen molecules are similarly placed (Figure
, being somehow above Cig. So, in principle, oxygen addition to both
Cg and Cjo could be feasible. It is also interesting that the two most stable
oxygen poses have a relative orientation with respect to the Fe(III)-OH™
cofactor of antarafacial stereochemistry, which is in good agreement with

©
(a) O2 molecules around Cs. (b) O2 molecules around Ci2.
Figure 8.12: Initial oxygen positioning around Cg (a) and Ciz (b). In each case, 18

03 molecules have been positioned with a distance of 3.5 A to the target carbon atom,
represented as a green sphere.
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the known experimental data. These single-point energy calculations were
performed with the complete QM part, including the coordination sphere.

Cq

ol 10

0 Fe 0 Fe
(a) (b)

Figure 8.13: Representation of the two most stable initial positions for the oxygen attack
at (a) Cs and (b) Cia.

8.3.2.2 Potential energy profiles for the oxygen insertion step

Following the same procedure as that for the hydrogen abstraction step, the
potential energy profiles for the oxygen attack have been constructed The
reaction coordinate for the second reaction step, zo, has been defined as
the distance between the closest oxygen atom of the incoming O2 molecule
and the target carbon atom (Cg or Cig) of the pentadienyl radical system.
This coordinate has been scanned forward and backward until convergence
to avoid hysteresis. A step size of 0.2 A has been defined. The potential en-
ergy profiles for the insertion at Cg and Ci2 are shown in Figure As the
oxygen attack process only involves the oxygen molecule and the AA radical
substrate, a small QM region containing only the pentadienyl moiety and
the oxygen molecule (18 atoms), and excluding the Fe coordination environ-
ment has been selected (Figure ) The QM region has been described at
B3LYP-D3/6-31G(d,p) level of theory.

For oxygen attack at Cg reactants lay approximately at zo = 3.0 A,
products at zp = 1.5 A, and TS at zo = 2.2 A. The potential energy barrier
for this process is approximately 2.5 kcal /mol, and the reaction is exoergic by
3.6 kcal/mol. In the case of the oxygen addition at Cjg, reactants are located
at zo = 2.9 A, products at zo = 1.5 A, and TS at zo = 2.1 A. In this case, the
potential energy barrier is of 3.6 kcal/mol, and the reaction is exoergic by
1.6 kcal /mol. Thus, there is a difference of 1.1 kcal/mol in potential energy
barriers, being the insertion at Cg the most favorable process, which is in
agreement with the experimental data. Atomic populations from spin density
for oxygen insertion step are also provided (Figure .

In both cases, spin density on Cg and Cio increased from -0.5 to
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Figure 8.14: Potential energy profiles for the oxygen insertion at Cs (a) and Ci2 (b).
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Figure 8.15: Evolution of spin density on atoms Cs (red), Cy (green), Cio (blue), C11
(vellow), Ci2 (cyan), Oa (pink) and Op (gray) during the oxygen insertion at Cs (a) and
Ci2 (b).

0 a.u., and on the oxygen atoms decreased from 1 a.u. in both atoms to
0.7 a.u in the case of Op, and 0.3 in O 4, which is the oxygen participating
in the peroxide bond. Therefore, at the end of the process, the unpaired
electron initially delocalized over the pentadienyl system delocalizes on the
two oxygen atoms of the -OO- group, as the sum of their spin densities yields
1 au. (0.3 + 0.7).

8.3.2.3 Free energy profiles

Following the same procedure as that for the hydrogen abstraction step,
the free energy profiles have been computed for the oxygen insertion step
using the US method. A total of 39 ps distributed in 13 umbrella windows
were run by QM/MM MD simulations at the B3LYP-D3/6-31G(d,p) level
and employing the small QM region (Figure ) defined for the reaction
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coordinate of the oxygen insertion step. To compute the free energy profiles
both DHAM and WHAM methods were used. The histograms of the US
windows are represented in Figure [8.16] showing a good overlapping.
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Figure 8.16: Histograms of the 13 US windows of the oxygen insertion at Cs (a) and Ci2

(b).

All the free energy curves have been fitted to a 9th degree polyno-
mial function, and the reported free energy barriers have been calculated
from the maximum (TS region) and minimum of the reactant valley of the
fitted curve. The free energy barriers (Table resulted in 5.1 and 5.2
kcal /mol for oxygen insertion at Cg and Cjg, respectively, by the WHAM
method, but they turned out to be 5.0 and 5.7 kcal /mol for attack at Cg
and Cjig, respectively, by the DHAM method. The difference of 0.7 kcal /mol
(DHAM) is small when compared with the potential energy barriers, but is
in agreement with the experimental regio- and stereospecificity trends of the
second reaction step.
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Figure 8.17: Free energy profiles for the oxygen insertion step at Cg (a) and Ci2 (b) in
the WT system.
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Table 8.2: Summary of the potential energy (AE*) and free energy barriers calculated
with WHAM and DHAM (all energies in kcal/mol) of the oxygen insertion at Cg and Ci2
in the WT and the Gly427Ala mutant.

Reaction position WT Mutant
AE? Free energy AE? Free energy
WHAM DHAM WHAM DHAM
Cs 2.5 5.1 5.0 4.1 5.8 6.0
Ci2 3.6 5.2 5.7 1.3 5.1 4.7

8.3.2.4 Discussion

During the approach of the oxygen molecule towards the target carbon
atoms, protein residues in the closeness of the Oy molecule and the car-
bon atoms have been evaluated. Residue Leu385, which is close to Cg but
even closer to Cio, seems to hinder the path of the oxygen towards Cio,
favoring the attack at Cg. Leu385 is spatially close to Gly427, the residue
proposed to control the stereochemistry of the reaction. Both residues are
placed over the plane of the pentadienyl system . It is observed that there are
no residues with an atom at less than 3 A of Cg, but Leu385 is at less than
this distance of Ci2. A van dee Waals surface representation of the protein
residues close to the pentadienyl system shows that there is something like a
channel in the vicinity of Cg (Figure . This channel, which is enclosed
by Gly427 and Leu385 is connected with the region where the most stable
initial oxygen positions (Figure were obtained.

Figure 8.18: Van der Waals surface representation of protein residues close to the AA
pentadienyl system (at < 5 A) In (a), the representation has been superimposed with the
initial position of the oxygen molecules. In (b), residues Leu385 and Gly427 are depicted.
Cs and Cio are highlighted by a green and violet sphere, respectively.

As can be seen in Figure [8.18] the channel proposed here is located
closer to Cg than to Cpo, and this could explain the regioselectivity of the
oxygen insertion step. Also, the position of Leu385, seems to be hindering
the reaction path towards Co.
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8.3.3 Study of the Gly427Ala mutant
8.3.3.1 MD simulations

The mutant species Gly427Ala was prepared from the optimized structure
of the hydrogen abstraction product of the WT system. For the mutant
structure, some MD simulation steps have been performed in order to re-
accommodate the AA radical in the new environment. To run the MD sim-
ulations the complete system (protein + waterbox) was recovered from the
trimmed system employed in previous QM /MM calculations. The parame-
ters for the radical AA were derived from a previous work using the charges
obtained for the radical product in the corresponding QM /MM calculation.
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Figure 8.19: Protein and AA (radical) heavy atoms RMSDs during the 50-ns production
step of the Gly427Ala mutant.

The protein and AA RMSDs corresponding to their heavy atoms,
calculated with respect to the initial and average structures of the MD pro-
duction trajectory, respectively, are represented in Figure The protein
RMSD increases up to 3.5 A. AA RMSD stabilizes at 1.5 A during all the
production step, indicating that the fluctuations of the radical inside the
binding cavity are small.

An structure from this MD simulation of the AA:Gly427Ala-8R-
LOX system has been selected to perform the second reaction step. During
the MD simulation process, a redistribution of the residues in contact with
the mutated Alad27 takes place, leading to a new configuration of the active
site cavity. To find the initial position of the oxygen molecule, the same pro-
cedure as that described in the previous section has been carried out. Thus,
a total of 36 oxygen poses (18 at Cg and 18 at Cj2) have been generated.
Single-point energy calculations led to the selection of the two oxygen posi-
tions shown in Figure[8:20] Like in the WT system, the most stable position
to attack Cio in the mutant presents the oxygen molecule in an antarafacial
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configuration with respect the Fe(II)-OH, cofactor (Figure[8.20p)). The sec-
ond position (Figure|8.20b)), prepared to react with Cg, presents an oxygen
molecule almost coplanar to the pentadienyl radical moiety; however, as the
oxygen approaches to Cg in the reaction coordinate, it yields an antarafacial
configuration (see below). Thus, these two positions have been selected as
the starting point of the reaction coordinate for oxygen attack at Cio and
Cg, respectively.

0,
(S )
H,0
w8
(a) (b)

Figure 8.20: Representation of the two most stable initial positions for the oxygen attack
at (a) Cs and (b) Ci2 in the Gly427Ala mutant.

8.3.3.2 Potential energy profiles

The reaction coordinate settings for the mutant have been the same as those
for the WT system (Section . The potential energy profiles corre-
sponding to the oxygen addition at Cg and Ci5 of the two most stable posi-
tions are represented in Figure [8.21
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Figure 8.21: Potential energy profiles for the oxygen insertion at Cs (a) and Ci2 (b) in
the mutant Gly427Ala.

Oxygen insertion in Cg occurs with a potential energy barrier of
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approximately 4.1 kcal /mol and is exoergic by 8.4 kcal/mol. Reactants are
located at zo = 2.7 A, products at zo = 1.5 A, and the TS at zo = 2.1 A.
In the case of Cyg, the potential energy barrier is of 1.3 kcal/mol, and the
reaction energy is of -7.1 kcal /mol. Reactants lie at zo = 2.7 A, products at
z9 = 1.5 A, and the TS at z9 = 2.1 A. Therefore, a dramatic inversion of
the reaction specificity has been produced, being the oxygenation process at
Cy2 favored over Cg by 2.8 kcal/mol, in good agreement with experimental
results.

8.3.3.3 Free energy profiles

The free energy profiles for the oxygen insertion step in the Gly427Ala mu-
tant were calculated with the same procedure as that for the WT system
(Section 7.3.2.4). The US windows histograms are represented in Figure
and the free energy profiles are shown in Figure [8.23]
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Figure 8.22: Histograms of the 13 US windows of the oxygen insertion at Cs (a) and Ci2
(b) in the Gly427Ala mutant.

For the oxygen insertion at Cg the free energy barrier results in 5.8
(WHAM) and 6.0 (DHAM) kcal/mol, whereas for the oxygen addition at
Ci2, the free energy barrier turns out to be 5.1 (WHAM) and 4.7 (DHAM)
kcal/mol (see Table [8.2)). Again, like in the case of the WT system, this
difference in the free energy barrier for both processes (attack at Cg and
C12) decreases with respect to the difference in the potential energy barriers
(which is of 2.8 kcal/mol favoring Cj2), being now of 1.3 kcal/mol (DHAM)
favoring also the attack at Cis. In any case, the inversion of the reaction
specificity in the mutant is also obtained with the free energy calculations.
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Figure 8.23: Free energy profiles for the oxygen insertion step at Cg (a) and Ciz2 (b) in
the Gly427Ala mutant.

8.3.3.4 Discussion

To analyze the details of the changes produced due to the introduction of
a methyl moiety by the mutation of Gly427 into an Alanine, a first repre-
sentation of the van der Waals protein surface around the AA substrate has
been depicted in Figure [8:25] This representation corresponds to the start-
ing structure used to generate the Gly427Ala mutant and prior to the MD
simulation. For this reason, it presents the same geometry as the WT system
studied in the previous section (except for the mutated residue).

T

© Alad27

- 4

Figure 8.24: Van der waals surface representation of protein residues close to the AA
pentadienyl system (at < 5 A) in the starting structure of mutant Gly427Ala. In (a), the
representation has been superimposed with the initial position of the oxygen molecules
used in the WT system. In (b), residues Leu385 and Ala427 are depicted. Cs and Ci2 are
highlighted by a green and violet sphere, respectively.

During the MD simulation, the active site cavity reorganizes as a
consequence of the mutation. This reorganization leads to a relocation of
the oxygen access channel of the WT system (Figure , in which it was
favoring the oxygen entrance towards Cg (see Figure. Then, a new and
different channel appears which is enclosed by Leu385, Ala427, [1e437 and
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Val384. This channel is somehow directed towards Cis, which could explain
the change in the reaction specificity. Also, the placement of Ala427 pushes
Leu385 and affects its surroundings, causing the aperture of the new channel.

Figure 8.25: Van der Waals surface representation of protein residues close to the AA
pentadienyl system (at < 5 A) in the selected MD snapshot of mutant Gly427Ala used
to the study of the oxygen addition step. Residues Leu385 and the mutated Alad27 are
depicted. Cg and Ci2 are highlighted by a green and violet sphere, respectively.

In an experimental work by Newcomer and co-workers32 it has been
proposed that is Leu431 rather than Leu385 the residue involved in the
configuration of the oxygen access channel. In this crystallographic structure,
this residue is indeed in a closer contact with Gly427 than its counterpart
Leu385, and it is also closer to the AA substrate. However, in the work
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Figure 8.26: Representation of the crystal structure ((a), green) and the selected snapshot
from the MD simulation of WT system prior to the hydrogen abstraction step ((b), blue),
showing the arachidonic acid substrate and residues Leu431 and Leu385; (c) shows an
overlay of (a) and (b).

presented in this Chapter, Leud31 moves to a further position during the
MD simulation, whereas Leu385 remains closer to the AA substrate (Figure
. Both residues are conserved, so it seems that the presence of a Leucine
in this key position could be involved in the regio- and stereo-control of the
oxygenation process.
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8.4 Conclusions

In this Chapter a work combining MD simulations, QM /MM calculations,
and umbrella sampling free energy simulations has been performed to study
the reaction mechanism of the hydrogen abstraction process in WT coral 8 R-
LOX, and the oxygen insertion step in both WT and the in silico mutant
Gly427Ala of 8R-LLOX. The structure of 8R-LLOX used here was taken from
a crystal structure containing the AA substrate inside the active site cavity,
which exhibits a tail-first orientation with its carboxylate end interacting
with Argl82.

The MD simulations show that Cyg is in average the closest carbon
atom to the catalytic iron, which is in agreement with the regioselectivity
of 8R-LLOX. During the whole simulation, the substrate retains its tail-first
orientation and its interaction with the Argl82 residue.

The potential energy profile for the hydrogen abstraction step of
pro-R Hjp occurs with a barrier of 15 kcal/mol. This barrier height is lower
than in other LOX isoforms (see previous Chapters), which agrees with the
experimental result of a higher catalytic rate constant (key = 210 s71) in
8R-LLOX. The free energy barrier calculated by the DHAM method is of 16.0
kcal /mol, very close to the potential energy barrier, which suggest that the
entropic and thermal contributions for this system are small. The calculations
also provided the catalytic rate constant, and showed that the recrossing
is negligible at the canonical variational transition state. The free energy
barrier with the traditional WHAM method is larger than with DHAM, of
17.7 kecal /mol.

The second reaction step, the oxygen insertion, has been studied
for the two possible positions starting from the Hjg abstraction step: Cg
(which should be the most favored position in an 8-LOX), and Cpy. The
potential energy barriers for the two processes resulted in 2.5 kcal /mol and
3.6 kcal /mol, respectively. Thus, the oxygen addition is favored in Cg by 1.1
kcal /mol, which agrees with the experimental regioselectivity. Free energy
barriers resulted in 5.0 and 5.7 kcal /mol by the DHAM method, also showing
that the addition at Cg is more favored. Analyzing the configuration of the
active site cavity it is observed a channel that is located over the pentadienyl
moiety of the AA substrate, and closer to Cg than to Ci3. The channel is
enclosed by Gly427 and Leu385. When the Gly427 is mutated to an Alanine,
the configuration of the channel changes, being now redirectered towards
Cia: Alad27 pushes Leu385 altering the configuration of the channel and
blocking the region over Cg. Now the potential energy barriers result in
4.1 kcal/mol for Cg addition, and 1.5 kcal/mol for insertion at Cia, and free
energy barriers (DHAM) results now in 6.0 kcal /mol for Cg and 4.7 kcal /mol
for C12 additions, respectively, thus the enzyme regio- and stereospecificity is
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inverted. This result confirms the proposal of the Gly/Ala “switch” by Coffa
and Brash 19

Finally, Newcomer et al.?? proposed that was Leu431 the residue in-
volved in the oxygen access channel. However, our results show that Leu431
moves away from the AA substrate whereas Leu385 remains closer. Interest-
ingly, both Leu385 and Leu431 are highly conserved Leucines. The presence
of such type of residues (bulky and hydrophobic), conserved among many
LOX isoforms, could be key in controlling the regio- and stereoselectivity of
the different steps of the reaction mechanism. The strategic position of the
different Leucines (and Isoleucines) in the active site sterically hinders the
substrate regions that do not lead to the final hydroperoxidation product
with the desired regio- and stereospecificity.
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Chapter 9

(General conclusions

In the work presented in this Thesis, as required, homology modeling, dock-
ing and molecular dynamics simulations and quantum mechanics/molecular
mechanics calculations of the potential and free energy along the reaction
coordinate, have been employed to study the catalytic mechanism of three
different LOXs: 15-LOX-1, 5-LOX and 8R-LOX. Special focus on the hy-
drogen abstraction step from the arachidonic acid substrate has been given
to understand the subtle molecular factors that govern the high regio- and
stereospecificty present in this reaction. The main conclusions can be sum-
marized as follows:

1. There exists a wide dispersion in the potential energy barriers of the
hydrogen abstraction process. The differences in the potential energy
barriers arise from the difference in the reactant minima geometries
rather than from the TSs ones, as it has been observed that all the T'S
structures obtained from the different hydrogen abstraction processes
are alike.

2. The evolution of the spin densities has shown that the hydrogen ab-
straction step is actually a proton coupled electron transfer process, as
the proton and the electron of the shifting hydrogen atom are trans-
ferred to different acceptors: the electron goes to the Fe(III) yielding
Fe(II), and the proton to the OH™ group yielding a HoO molecule.

3. Distances of the transferring hydrogen atom to the oxygen acceptor in
the Fe(III)-OH™ cofactor are not the unique factor that determines the
ease of the process. There is not a correlation between this geometric
parameter and the barrier height: different structures with very similar
H-O distance, can lead to very different potential energy barriers and
vice versa.
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How hindered is the geometrical evolution of the unsaturated fatty acid
from the non-planar reactant structure to the planar product, dramati-
cally affects the energy barrier in the hydrogen abstraction step. Bulky
aliphatic residues are placed in strategic positions that hinder the re-
action of the bisallylic methylene groups of the substrate that do not
lead to the main product.

The reaction of 15-LOX-1 with LA is faster than the reaction with AA
as indicated by the calculated potential/free energy barriers. Thus,
LA is the preferential substrate for this isoform in accordance with
experimental results. The two substrates can be accommodated into
the 15-LOX-1 active site with their reactive bisallylic methylene groups
in good position to initiate the reactive process.

The potential energy barrier for the hydrogen abstraction from AA
differs among the different LOXs. In 8 R-LOX, this process is faster
than in 15-LOX-1 and 5-LOX, which agrees with the experimentally
reported higher k..t for 8R-LOX.

Different strategies that alter different regions of the active site cav-
ity (cavity bottom, the region close to Fe(III)-OH") transforming bulky
residues into smaller ones by means of in silico mutagenesis have shown
to change the reaction specificity of 15-LOX-1 in terms of the hydro-
gen abstraction step. The new configuration of the active site cavity
allows new conformations of the substrate that lead to products with
different reaction specificity in agreement with in vitro mutagenesis
experiments. Certain mutations can even change which is the step of
the reaction mechanism defining the overall oxidation regioselectivity,
usually assumed to be the hydrogen abstraction step.

The presence of bulky residues is also involved in the oxygen insertion
step. In silico mutagenesis in 8 R-LOX has shown that the Gly/Ala
switch reported in the literature, that changes the regio- and stere-
ospecificity of the oxygen insertion step, is connected with bulky Leuci-
nes surrounding the substrate pentadienyl radical. This Gly-Ala muta-
tion changes the configuration of these residues and alters the oxygen
access channel.

For most LOXs isoforms the AA substrate exhibits a tail-first orienta-
tion (15-LOX-1 and 8R-LOX), but for human 5-LOX, both tail- and
head-first orientations could be in principle possible, and pre-reactive
AA:5-LOX complexes are generated in those two orientations. So, the
final productive structure of 5-LOX, is still unknown. This is proba-
bly due to the problems associated with its intrinsic flexibility, which
not only made its crystallization process unfeasible (all the available
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crystal structures correspond to mutants), but also complicates the
determination of the binding modes.

In summary, the LOXs active site cavity contains different bulky
aliphatic residues that affect substrate positioning and are also involved in
the control of the reaction specificity of the different steps of the global
reaction mechanism. By means of these residues a particular set of confor-
mations of the substrate inside the active site that lead to the catalytically
active binding modes are selected. Moreover, those bulky residues also hinder
the non-desired reaction paths depending on the LOX isoform, so being the
molecular basis of LOXs reaction specificity. For 15-LOX-1 and 8 R-LOX it
is clear which are the binding modes compatible with their catalytic proper-
ties, and we have been able to modify their reaction specificity by in silico
mutagenesis. The same cannot be concluded for 5-LOX, for which three dif-
ferent binding modes were in principle possible, with one of them presenting
predominant 5-lipoxygenating activity but, at the same time, being not sta-
ble, at least within the crystallographic holoenzyme structure used. So, the
question of the catalytically productive binding mode in 5-LLOX still remains
open although our work provides a lot of molecular information that might
be useful in future studies.
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