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“But nature 1s always more subtle, more intricate,
more elegant than what we are able to imagine.”

Carl Sagan






Contents

List of Acronyms . . . . . . . .. .. ... ... ... ... . v

I Introduction 1
1 Introduction 3
1.1 Biological Overview . . . . . . . ... ... ... .... 3
1.1.1 Polyunsaturated Fatty Acids (PUFAs) . .. .. 4

1.1.2  Eicosanoids . . . . . . ... ... . ... ..., 5

1.1.3 Prostanoids . . . ... .. .. ... ... ..., 6

1.1.4 Role of PUFAs into inflammatory processes 7

1.2 Prostaglandin Endoperoxide H Synthase . . . . . . .. 9
1.2.1 PGHS-2 structure . . . . . . .. ... ... 10

1.2.2  Substrates binding to COX active site . . . . . 11

1.3 Catalytic Reaction . . . . .. ... ... ... .. ... 13
1.3.1 Reaction Mechanism in the COX active site . . 14

1.3.2 Regioselectivity and Stereoselectiviy . . . . . . . 16

1.4 Glyb526Ser Mutation in COX-2:AA . . . .. ... ... 19
1.5 Anti-inflammatory path of COX-2:AA . . . .. .. .. 21
1.5.1 Inhibition by Aspirin . . . . . . ... ... ... 22

1.5.1.1 Reaction Mechanism in aspirin-acetylated
COX-2. ... .. ... .. ... 22



ii

Contents

II Theoretical Background 29
2 Computational Methods 31
2.1 Molecular Mechanics . . . . ... ... ... ...... 32
2.1.1 Mathematical expression: Forcefield . . . . . . . 32

2.2 Quantum Mechanics . . .. ... ... ... ...... 35
2.2.1 Time-independent Schrodinger Equation . . . . 35

2.2.2  Density Functional Theory . . . . . . . . .. .. 37

2.2.2.1 Kohn-Sham Method . . .. ... ... 39

2.2.2.2  Hybrid Exchange Functional . . . . . . 41

2.3 Hybrid QM/MM Method . . . . . ... ... ... ... 42
2.3.1 QM/MM energy expression . . . . .. ... .. 43

2.3.1.1 Subtractive QM /MM scheme . . . . . 44

2.3.1.2  Additive QM /MM scheme . . . . . . . 45

2.3.2 QM-MM Boundary schemes . . . .. ... ... 48

2.4 Chemshell Software . . . . . . ... ... ... ... .. 51
2.4.1 QM/MM Methodology . . . . . ... ... ... 51

2.4.2  Geometry Optimization . . .. ... ... ... 52

2.5 Gaussian’s ONIOM method . . . . . . .. ... .. .. 53
2.5.1 QM/MM Methodology . . . ... ... ..... 54

2.5.2  Geometry Optimization . . .. ... ... ... 56

2.6 Molecular Dynamics Simulations . . . . ... ... .. 57
2.6.1 MD algorithm . . . . ... ... ... ... ... 58

2.6.2 Protocol for the MD simulations . . . . . . . .. 59

2.6.3 Periodic Boundary Conditions . . . . . . .. .. 60

IIT Results and Discussion 61
3 COX-2:AA 63
3.1 Insight into the all-radical mechanism . . . . . . . . .. 64
3.2 Carbocation-Based Mechanism . . . .. ... ... .. 70
3.3 Gly526Ser Mutation . . . . . ... .. ... ... ... 71
3.4  Molecular Details of the Inhibition by Aspirin . . . . . 74
Appendices 81



Contents il

A Radical Mechanism from HproS 83
Al QM/MM calculations . . . . . ... ... ... ... 83
4 COX-2:EPA 89
4.1 Introduction . . . . . . . . . ... L. 89
4.2 Methodology . . . . . ... ... ... 92
4.3 Results and Discussion . . . . . . . . . ... ... ... 93
IV  General Conclusions 107
5 General Conclusions 109
Bibliography 113
Article 1 137
Article 11 159

Article 111 185






Acronyms

List of Acronyms

EFAs
PUFAs
FAs
SC-PUFAs
LC-PUFAs
ALA
LA

AA
EPA
DHA
We

w3
PGHS
COXs
COX-2
COX-1
PGs
TXs
LOXs
cPLA,
EGF

Essential Fatty Acids

Polyunsaturated Fatty Acids

Fatty Acids

Short-Chain Polyunsaturated Fatty Acids
Long-Chain Polyunsaturated Fatty Acids
a-linolenic acid

Linoleic acid

Arachidonic Acid

Eicosapentaenoic Acid

Docosahexaenoic Acid

Omega-6

Omega-3

Prostaglandin Endoperoxide H Synthase
Cyclooxygenases

Cyclooxygenase 2

Cyclooxygenase 1

Prostaglandins

Thromboxanes

Lipoxigenases

cytosolic Phospholipase A,

Epidermal Growth Factor



vi

Acronyms

MBD

COX active site
POX active site
PGH;

PGG;

NSAIDs

ASA

EPR

HETE

HpETE

G526S

IsoP

RP-HPLC

SP-HPLC

FF
QM
MM
QM /MM

ONIOM

PES

Membrane Binding Domain
Cyclooxygenase active site
Peroxidase active site
Prostaglandin Hy

Prostaglandin G,

Nonsteroidal Anti-Inflammatory Drugs
Acetylsalicilic Acid

Electron paramagnetic resonance
Hydroxyeicosatetraenoic acid
Hydroperoxy-eicosatetraenoic acid
Gly526Ser

Isoprostane

Reverse phase High performance liquid
chromatography

Straight-phase High performance liquid
chromatography

Forcefield
Quantum Mechanics

Molecular Mechanics

Quantum-Mechanics/Molecular-Mechanics

Our own N-layered Integrated molecular Orbital

and molecular Mechanics

Potential Energy Surface



Acronyms

vil

MD
DFT
HF
ME
EE
RMSD
Antara

Supra

TS

SPMs
LTAH
RvE1l
RvE2
HEPE
HpEPE
pEPE

Molecular Dynamics

Density Functional Theory
Hartree-Fock

Mechanical Embedding
Electrostatic Embedding
Root Mean-Square Deviation
Antarafacial

Suprafacial

Reactant

Transition State

Product

Specialized Pro-resolving Mediators

LTA, hydrolase
Resolvin E1
Resolvin E2

Hydroxyeicosapentaenoic acid

Hydroperoxy-eicosapentaenoic acid

peroxy-eicosapentaenoic acid






Part 1

Introduction






Chapter

Introduction

1.1 Biological Overview

Cyclooxygenase-2 (COX-2) is a membrane-associated homodimeric bi-
functional hemoprotein enzyme that catalyzes the oxygenation of sev-
eral Polyunsaturated Fatty Acids (PUFAs).! COX-2 leads to the for-
mation of the eicosanoids Prostaglandins (PGs), whose production is
associated with many human pathologies, including inflammation, car-
diovascular diseases and cancer.? COX-2 has crucial relevance in phar-
macology because it is a target of the nonsteroidal anti-inflammatory
drugs such as, for instance, aspirin, ibuprofen, and diclofenac, pro-
ducing the well-known analgesic, antipyretic, and anti-inflammatory
effects.>®

Before I proceed with the introduction of COX-2 enzyme, I would
like to begin by introducing the biological background that surrounds
its biosynthesis. In the first section a brief overview of Polyunsaturated
Fatty acids and the relation of eicosanoids to inflammatory processes
are expounded. Thereafter, the Prostaglandin Endoperoxide H Syn-
thase (PGHS) enzyme is introduced and later its catalytic reaction is
described in detail. Finally, in the last sections an specific mutation
and the anti-inflammatory path catalyzed by aspirin are introduced to
give a complete overview of the purpose of this thesis.
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1.1.1 Polyunsaturated Fatty Acids (PUFAs)

Essential Fatty Acids (EFAs) are essential fats that our body cannot
synthesize. It only has access to them via our diverse diet. At the be-
ginning of ’30s EFAs have been discovered by Burr and Burr research
on rats.® Nevertheless, several generations of scientists'® should pass
before the EFAs were considered essential metabolites for biological
processes in human health and diseases. Nowadays, it is known that
in human body only two EFAs, namely Short-Chain Polyunsaturated
Fatty Acids (SC-PUFAs), which have 16 or 18 carbon atoms exist: a-
linolenic acid (ALA) and Linoleic acid (LA). These two SC-PUFAs
were considered essential metabolites because humans lack the desat-
urase enzymes required for their production.!!

However, the human body also presents other polyunsaturated fatty
acids, namely Long-Chain Polyunsaturated Fatty Acids (LC-PUFAs).
LA and ALA are the main precursors of the two principal families of
LC-PUFAs, called the Omega-6 (wg) and the Omega-3 (ws), respecti-
vely. These two families are also considered essential fatty acids, which
have more than 18 carbon atoms, such as Arachidonic Acid (AA, wg),
Eicosapentaenoic Acid (EPA, ws), Docosahexaenoic Acid (DHA, ws)
etc. Fortunately, either the ws or wg LC-PUFAs can also be acquired!?
by food intake. Omega-3 fatty acids can be found!? in fish such salmon
and tuna, algae and fish oil, whereas Omega-6 can be found!'? in red
meat and chicken.

PUFAs are named unsaturated for their double bonds in their hy-
drocarbon chain. The hydrocarbon chain has a carboxyl group (-
COOH) at the beginning and a methyl group (-CHj3) at the end. Since
PUFASs can present different lengths, the last position is labelled as 'w’,
and a lipid number [X:Y] describes the total number of carbon atoms,
X, and the total number of double bonds, Y, in the hydrocarbon chain
(Fig.1.1). Moreover, the nomenclature refers to fatty acids as wy, in
which 7 indicates the total number of carbon atoms before the first
double bond from the methyl group (Fig.1.1). Then, the fatty acids ws
or wg refer to all PUFAs that present 3 or 6 carbon atoms, respectively,
before the first double bond from the methyl group.
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Figure 1.1: The Figure represents the LC-PUFAs named Arachidonic
Acid (AA, wg), and Eicosapentanoic Acid (EPA, ws). The lipid number
associated to each FA is [20:4] and [20:5] for AA and EPA, respectively.

This labeling is for the sake to understand the origin of the omega
nomenclature.

1.1.2 Eicosanoids

It is well-know that PUFAs serve as precursors for the most impor-
tant classes of lipid mediators, the Eicosanoids family, involved not
only into inflammatory processes but also in the biosynthesis of anti-
inflammatory lipid mediators.!* !5 The eicosanoid family is consti-
tuted by a group of bioactive lipids that are generated through spe-
cific biosynthetic pathways. Eicosanoids encompass the subfamilies of
leukotrienes, prostanoids, lipoxins and resolvins which are lipid sig-
nalling molecules formed by the enzymatic oxidation of wg or ws fatty
acids.

If we go back in time before ’60s the pro-inflammatory lipid me-
diators have been associated with cytokines and eicosanoids such as
leukotrienes. Nevertheless, nowadays it has long been known that
leukotrienes'® and prostaglandins!” govern the early events in host
defence. Leukotrienes and prostaglandins are principally formed by
the biosynthesis of AA through Lipoxygenases (LOXs) and Cyclooxy-
genases (COXs), respectively. Although both pro-inflammatory lipids
participate in the inflammation process, in this thesis we will only focus
on the formation of prostaglandins.



6 Introduction

2-series PGs

o

\ o 2 —

(‘) ~— T N=""""coon
hN

K/ PGE2

OH

3-series PGs

o: A ¥ S e
3"*—-.‘ SN " ~coom
< PGE3
. '";—(J\’f:;'\*“\...f"A‘\—./‘"h"\
HO :
OH

Figure 1.2: Two example of prostaglandins of 2-series on the top,
and 3-series below. The cycles in orange indicate the double bond of
the carbon chain, whose number determine the type of PGs series

1.1.3 Prostanoids

Prostaglandins are a subclass of eicosanoids, the prostanoids. The
Prostanoids are cyclic oxygenated products of wg and w3 PUFAs which
are formed enzymatically via Prostaglandin Endoperoxide H Synthases
(called COXs). Prostanoids are a family of lipid mediators involved in
inflammatory response.!” Prostanoids are subdivided into three sub-
classes: 1) prostaglandins (PGs), ii) prostacyclins and iii) thrombox-
anes (Txs). Each subclass presents a physiological function: Prosta-
glandins are the mediators of inflammatory reactions,'® Prostacyclins
are effective vasodilators by the inhibition of platelet aggregation,®
and Thrombozanes®® are vasoconstrictors and facilitate platelet aggre-
gation.

The structures of prostaglandins were discovered by Hamberg and
Samuelsson?! in ’60s when it was also demonstrated that PGs are
principally produced from an essential fatty acid, AA. PGs present
a 20-/22-carbon atoms chain with a 5-member carbon ring, a hydroxyl
group with the S-configuration on Cy5, and a trans double bond at Cj3.
Prostaglandins are called using the prefix "PG" followed by a letter A
to K depending on the nature and position of the substituent on the
b5-member carbon ring.
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Prostaglandins are classified by groups of "series" from 1 to 3 de-
pending on the nature of the precursor fatty acid synthesized by COX
of which depends the number of double bonds in PGs.?? Besides, a
Greek subscript (a or f3) is used especially in PGF to describe the
stereochemistry of the hydroxyl group on Cg. This means that for
example, the biosynthesis of PGDy, PGEy, PGFya and PGI, (called
2-series PGs) is carried out by the action of COX on (AA, wg), and the
biosynthesis of PGD3, PGE;, PGF3a and PGI3 (called 3-series PGs)
on (EPA, ws), see Figure 1.2.

1.1.4 Role of PUFAs into inflammatory processes

Inflammation is a biological response of body tissues caused by a tissue
injury or infection. The inflammatory response is a harmful stimulus
that appears to protect our body. This stimulus starts the biosynthesis
cascade of eicosanoids to repair the tissue injury or eliminate the mi-
crobial invading agents. It has been known that PUFAs, in particular
AA, play a crucial role in the initiation of the inflammatory response.
The production of prostaglandins begins at the onset of the inflamma-
tory response when Arachidonic Acid is released from the phospholipid
membrane by cytosolic phospholipase Ay enzyme (cPLA3).?* Then,
Arachidonic Acid (AA) is converted to prostaglandin Hy (PGHy) by
COX, in particular, the isoform COX-2. Thereafter, the transforma-
tion of PGHy by specific synthases produces prostaglandins (PGDa,
PGE; and PGF,), prostacyclin (PGl;) and thromboxane (TXA,), see
Figure 1.3.

However, if the inflammation response keeps uncontrolled it may
lead to acute, chronic, and systemic inflammatory disorders. Indeed,
some of the most common diseases that are difficult to treat are as-
sociated to excessive, or chronic inflammation, including the follow-
ing: asthma, diabetes, rheumatoid arthritis, cardiovascular disease, as
well as Alzheimer disease.'® 24 The common treatment involves the use
of Nonsteroidal Anti-Inflammatory Drugs (NSAIDs), such as, for in-
stance, aspirin, ibuprofen, naproxen and diclofenac, producing the well-
known analgesic, antipyretic, and anti-inflammatory effects.>® Never-
theless, in many cases, this treatment is often not very effective.
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Figure 1.3: The role of Arachidonic acid (AA, wg) and Eicosapen-
tanoic acid (EPA, ws) into inflammatory response.

In modern western diets, wg fatty acids are present in a higher ratio
than ws fatty acids. Unfortunately, these ratios increase the risk of
cardiovascular diseases and cancer.'® 2% Nevertheless, the consumption
of w3 has been shown to play a role in the prevention of many cancers
in humans?> 2" by reducing the pro-inflammatory lipid mediators'# 1%,
The w3 diet is rich in EPA and DHA. These two ws fatty acids are
located and released from the phospholipid membrane by the cPLA,,
just as AA. However, as it is mentioned before, AA (wg) is not the only
precursor of prostaglandins, EPA (w3) is as well. Then, EPA competes
to be converted into prostaglandin Hs by the biosynthesis of the COX-2
isoform, see Figure 1.3, to produce 3-series PGs with less inflammatory
effects (PGE3, PGF3), thrombogenic effects (TXAj3), and anti platelet
aggregation (PGD3, PGI3).2% 28

Apart from that, some recent findings by Serhan et al.'* have
revealed that through the ws diet new lipid mediators, such as re-
solvins, protectins and maresins, can act as anti-inflammatory and
pro-resolving mediators of chronic inflammation. Concretely, in 2000
they observed that the resolvins derived from EPA could only be ob-
tained by the cyclooxygenase enzyme in the presence of aspirin.?’



Prostaglandin Endoperoxide H Synthase 9

This shows that the balanced intake of wg and w3 fatty acid is very
important for the prevention of diseases with inflammatory disorders.
What is more, the detailed molecular mechanism inside the COX-2
isoform, the understanding of the interaction of new drugs to inhibits
inflammation, and the new alternative treatments based in the resolu-
tion of inflammation remain of great interest for scientists.

1.2 Prostaglandin Endoperoxide H Synthase

Prostaglandin Endoperoxide H Synthase (PGHS) is a membrane-as-
sociated heme-containing bifunctional homodimeric enzyme that cat-
alyzes the first committed step in PGs biosynthesis. PGHS presents
two different isoforms PGHS-1 and PGHS-2. The generic name for
these two isozymes are cyclooxygenase-1 (COX-1) and cyclooxygenase-
2 (COX-2). Chronologically the COX-1 isoform was first purified®® in
1976 and cloned?! in 1988. At the time, the formation of PGs was as-
sumed to involve only a single COX enzyme, but in 1991 several groups
reported a gene with the same activity of COX enzyme.? 3% 33 This new
gene was referred to the second isoform of PGHS, called the inducible
COX-2. The discovery of COX-2 stimulated many scientists along the
'90s to investigate about: the physiological role of both isoforms, the
pharmacologic agents to inhibit deferentially COX-1 and COX-2, and
the characterization of the prostanoid biosynthetic pathway.? 34
Nowadays, it is known that both isoforms show differences in some
physiologic actions and present distinct prostanoid biosynthetic path-
ways.? 2232 COX-1 is constitutively expressed in our cells and is re-
quired for the production of PGs involved in basic housekeeping func-
tions throughout the body. In contrast, COX-2 is an inducible isoform,
whose expression is activated in a variety of cells in response to inflam-
mation, growth factors, tumour promoters or cytokines. COX-2 is the
principal source of PGs that contribute to inflammation, but also those
PGs are involved in several pathologies. However, COX-2 can act at
two different steps: at the initiation and resolution of the inflamma-
tion.?? 2% For that reason, this thesis only focuses on the isoform that
makes the greatest contribution to the inflammatory process, COX-2.
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Figure 1.4: On the top right, the crystallographic structure of the
heme-containing homodimer enzyme, COX-2 (3HS5 pdb)! is repre-
sented. In the middle, the three domains of each monomer are rep-
resented: the N-terminal Epidermal Growth Factor (EGF) domain
(green), the Membrane Binding Domain (MBD) (yellow), and the C-
terminal globular Catalytic Domain (pink). Box on the bottom right
shows the COX active site interacting with AA. Box on the left shows
the POX active site.

1.2.1 PGHS-2 structure

Prostaglandin Endoperoxide H Synthase 2 (or Cyclooxygenase-2) is
a heme-containing bifunctional homodimer enzyme that oxygenates
principally AA to generate PGHy. The X-ray crystal structures of
(murine or human) COX-2 filed in Protein Data Bank (PDB)! ¢ show
that both monomers have an identical primary structure. Each mono-
mer is made up of three domains (Fig.1.4): the N-terminal Epidermal
Growth Factor (EGF) domain, the Membrane Binding Domain (MBD)
and the C-terminal globular Catalytic Domain.

The N-terminal EGF domain is formed by 50 amino acids, whose
potential role is to form part of a portion of the interface between the
two monomers.? 22 The neighbouring MBD is made up of four short
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consecutive amphipathic a-helices, the last of which directly merges
into the catalytic domain, called a-helix D. The amphipathic helices
create a hydrophobic patch to interact with one face of the underlying
bilipid layer. This patch provides fatty acid substrates and NSAIDs
a direct entrance to the cyclooxygenase active site.? Finally, the C-
terminal Catalytic Domain is the largest domain that encompasses
about 460 residues. The catalytic Domain has two mechanistically
coupled, spatially distinct active sites:?? the cyclooxygenase active site
(called COX active site) and the peroxidase active site (called POX
active site). The cyclooxygenase active site is made up of one hy-
drophobic channel, which begins before the Arg-120 residue, and ex-
tends 25 A from the MBD to Gly-533 residue. In contrast, the POX
active site is located on the surface of the protein and contains a Fe*t3-
protoporphyrin IX group,®® 3® called the heme cofactor, coordinated
with the axial histidine His388 (Fig.1.4).

1.2.2 Substrates binding to COX active site

As T mentioned before, the catalytic domain of COX-2 has two active
sites, POX and COX, in both monomers (Fig.1.4). Even so, only the
COX active site has a hydrophobic channel to bind the fatty acid and
allow it to interact with the enzyme to initiate the catalytic reaction.

In the mid-90s, two main questions remain open: first, the the lack
of knowledge of which COX active site the substrate prefers to join,
and second, the arrangement of the substrate in the cavity. Then in
the late ’90s, the first model of how AA interacts with COX active
site was proposed by an experimental group.?® Nevertheless, it was not
until the beginning of the 2000 when scientists began to find out the
best arrangement of the substrate inside the hydrophobic channel.3" 38
Years later the cross-talk between COX-2 monomers and the binding
of fatty acids at both COX active sites were demonstrated by two
publications of Yuan C. et al.3® 4%, These studies showed that only
one monomer can catalyze the formation of prostaglandin and the non-
catalytic monomer functions as an allosteric regulator of the catalytic
monomer.
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N
Monomer A Monomer B

Figure 1.5: The X-ray structures of COX-2:AA. Box on the right
shows the hydrophobic channel of monomer B, interacting with the
"L-shaped" productive AA conformation. Box on the left shows the
hydrophobic channel of monomer A, interacting with the nonproduc-
tive AA conformation.

Even though AA is the preferred substrate for COX-2, the enzyme
also tends to bind to fatty acids substrates with different chain lengths,
such as EPA or DHA.#! In 2010 an experimental study by Vecchio A.J.
et.al! was performed, in which the X-ray structures of COX-2:AA,
COX-2:EPA and COX-2:DHA complexes were determined. In this
study, they observed that AA and EPA in monomer A exhibits a non-
productive binding mode (unable to react), and in monomer B exhibits
an "L-shaped" productive binding conformation (Fig.1.5). Conversely
with DHA no difference between monomers was observed.

The understanding of the catalytic reaction inside COX involved
knowing the difference between productive and non-productive bind-
ing of the fatty acid in the hydrophobic cavity, see Figure 1.5. The
fatty acid substrate is bound to COX active site in a productive bind-
ing mode when it adopts an extended "L-shaped" conformation with
two or more kinks in the centre (depending of the FA). The substrate
carboxylate lies near the side chains of Argl120, Tyr355 at the opening
of the channel. The middle portion of the substrate adopts an S shape
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that meanders around the side chain of the residue Ser530, positioning
C11 above a small pocket into which Os could migrate from the lipid
bilayer.3” The S shape also places Ci3 below the phenolic oxygen of
Tyr385, ready to start the cyclooxygenase reaction by a hydrogen ab-
straction from C;3. Finally, the substrate w-end is encased by residues
Phe205, Phe209, Val228, Val344, Phe381, and Leub34 that form a hy-
drophobic groove above Serb30, and where the terminal carbon lies
adjacent to Glyb33. Conversely, in a non-productive conformation the
fatty acid carboxylate bound to Tyr385 and Ser350 at the apex of the
end of the channel instead of near the opening.!

To describe in detail the catalytic reaction, in the following section
the reaction mechanism is explained by taking the conversion of AA
to PGH; as a reference for the other fatty acids.

1.3 Catalytic Reaction

As explained in section 1.2, the biosynthesis of prostaglandins takes
place in the catalytic domain. The catalytic reaction involves the con-
version of AA to PGH,. This reaction occurs in two stages, which
are catalyzed in COX and POX active sites. The COX active site
catalyzes the dioxygenation of AA to yield prostaglandin Gy (PGGy).
PGGs; is then released to the heme-containing POX active site located
near the protein surface, where its 15-hydroperoxide group is reduced
to give PGH,. The peroxidase activity can work independently of the
cyclooxygenase one.*® Conversely, cyclooxygenase activity is peroxide-
dependent.? This results from the fact that in the resting state of COX-
2, the active peroxidase site contains the heme cofactor, which has to
be activated in order to start the reaction in COX active site.*? To do
so, an alkyl hydroperoxide (ROOH) activates the heme group by means
of a two-electron oxidation, yielding the corresponding alcohol (ROH)
and an oxy-ferryl protoporphyrin IX radical cation, which, in turn, is
reduced by an intramolecular electron transfer from Tyr385 placed in
the COX active site.?® 3% This indicates that the two active sites are
close in space, and an interaction between them is required to convert
Tyr385 to its active radical form. The so-formed tyrosyl radical ini-
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Figure 1.6: All-Radical Mechanism

tiates the catalytic cycle in the COX active site when the substrate
AA occupies this site. Electron paramagnetic resonance (EPR) spec-
troscopy®®#® shows the formation of Tyr385 radical after the addition
of an alkyl hydroperoxide and the appearance of an arachidonate rad-
ical following the addition of AA.

So far, the COX activity of COX-2 remains the focus of much at-
tention for being also the site of the anti-inflammatory inhibition of
NSAIDs.

1.3.1 Reaction Mechanism in the COX active site

There is a general agreement? 33 4619 ahout the mechanism that rules

such an important enzyme reaction in the COX active site. Although
its molecular details have not been entirely clarified yet. For that rea-
son, the resolution of the molecular details of the reaction mechanism
in the COX active site is the main focus of this thesis.

The classical six-step all-radical mechanism (Fig.1.6) derives from
proposals by Hamberg and Samuelsson more than 50 years ago.?! After
a Cq3 H-proS abstraction from AA by a tyrosyl radical, a delocalized
C11—Cy5 pentadienyl radical is generated (step 1). An antarafacial O,
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addition at Cy; yields a 11R peroxyl radical (step 2), which yields a
Cg-radical cyclic endoperoxide by means of a 9,11-cyclization (step 3).
Step 4 consists of an 8,12-cyclization leading to a bicyclo endoperoxide
and a Cy3—Cy5 allyl radical. Thereafter, a second O, addition at the
15S position (step 5) and a back hydrogen transfer from Tyr385 to the
peroxyl radical at Cy5 (step 6) finally give PGGo.

However, Dean and Dean® proposed later an alternative 10-step
carbocation-based mechanism. After Cy3 hydrogen abstraction from
AA, asigmatropic hydrogen transfer from Cyq to Cy3 takes place, form-
ing a delocalized Cg—C;5 pentadienyl radical, followed by an electron
transfer from Cy( to the heme group, thus producing a carbocation at
Cio, see Figure 1.7. Then, an 8,12-cyclization, a back electron transfer
from the heme group to C;i1, an O, addition at Cqq, a 9,11-cyclization,
a hydrogen transfer from Cy3 to Cyg, a second O, addition at Cy5, and
finally a back hydrogen transfer from Tyr385 to the peroxyl radical at
C15 lead to PGG2

Several important points that Dean and Dean argued in favor of
their carbocation-based mechanism were:

e Autoxidative cyclization of polyunsaturated fatty acid hydroper-
oxides in solution to form prostaglandin-like bicyclo endoperox-
ides through an all-radical mechanism highly favors cis-disubs-
tituted cyclopentane isomers,® in clear opposition to the trans
isomers corresponding to the natural prostaglandins generated
by COX-2.

e If 10,10-difluoroarachidonic acid is the substrate, COX enzymes
do not generate any cyclic prostaglandin-like products, but a
cyclic alcohols such as 10,10-difluoro-11S-hydroxyeicosatetraenoic
acid.’? Thus, it seems that the existence of hydrogen atoms at
C10 would be required for the formation of prostaglandins.

e Chirality at Ci5 is supposed to be better explained when the
C10—Ci3 hydrogen shift occurs.
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Figure 1.7: Formation of the carbocation at Cyy according to the
Carbocation-Based Mechanism

Very recently, Navratil et al.?® have studied the ex vivo deuterium
isotope effect for the enzymatic oxidation (by cyclooxygenases and
lipoxygenases) of AA by macrophages. They have found that deutera-
tion of Cyg promotes the formation of Lipoxin B4, likely by interfering
with AA cyclization and shunting AA to the lipoxygenase pathway
under physiological conditions.

To compare at a detailed molecular level the two different mecha-
nisms explained above, in this thesis the first theoretical study of the
complete mechanism of reaction corresponding to the conversion of AA
to PGG; catalyzed by the enzyme COX-2 is presented.

1.3.2 Regioselectivity and Stereoselectiviy

PGH, is the principal product generated by COX-2 upon dioxygena-
tion of AA, as it is described above. The all-radical mechanism requires
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a very selective stereochemistry for the formation of PGGsy. The reac-
tion generates five independent chiral centres, giving rise to the possi-
bility of the formation of ten different stereoisomers capable of forming
the PGG,. This experimental analysis was carried out by O’Connor et
al.®! in 1984. The study demonstrated that there exists several stable
intermediate isomers along the all-radical mechanism in solution. Even
so, there is only one isomer that can reach enzymatically to the PGG,
structure.

Alternatively, in a minor amount, the mechanism has been shown to
produce 11(R)-hydroperoxy-eicosatetracnoic acid (11R-HpETE) and
15-hydroperoxy-eicosatetraenoic acid (15-HpETE), see Figure 1.8. Sub-
sequently, both HpETEs are reduced by the POX active site to form
11(R)-hydroxyeicosatetraenoic acid (11R-HETE) and 15-hydroxyeicosa-
tetraenoic acid (15-HETE), being the former the major secondary
product of the biosynthesis® (Fig.1.8). Nevertheless, in the ’80s, it was
not clear neither the stereochemistry of the Oy addition at Ci5 to ob-
tain 15-HpETE, nor how COX achieves such a regio/stereo-selectivity
to form PGGs.

Then, many studies®® 33 36 began to be conducted on the stere-
ochemistry of the reaction mechanism in COX-2 by the discovery of
the COX-2 isoform, and the subsequent knowledge of the "L-shaped"
conformation of the AA inside the hydrophobic cavity.

However, the production of HETE as a product was revealed by
the discovery of the anti-inflammatory effect of aspirin (a NSAID) in-
side COX-2,% 5% allowing the inhibition of PGG, and the production
of 15R-HETE (see section 1.5). In light of recent discoveries, scien-
tists wondered if 15R-HETE could be obtained by COX-2 or otherwise
presents the same stereochemistry as the natural 15S-PGG,. Over the
past 30 years, different hypothesis about the correct stereochemistry
of 15-HETE for COX-2 and aspirin-acetylated COX-2 have been pro-
posed by several experimental®® 7 and computational® studies. How-
ever, most attention has been focused on the formation of 15 R-HETE
in the aspirin-acetylated COX-2 (see section 1.5.1). For that reason,
the stereochemistry of 15-HETE in COX-2 has not yet reached an
agreement (Fig.1.8).
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Figure 1.8: Secondary products of the all-radical mechanism. The
left path represents the production of the 11R-HpETE. The right path
represents the production of the 15-HpETE.
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1.4 Glyb526Ser Mutation in COX-2:AA

Another way to understand experimentally the amazing features of the
six-step all-radical mechanism is by mutagenesis. Scientists, helped by
mutagenesis experiments, understood how COX-2 manages to control
the stereochemistry and regioselectivity of the reactions it catalyzes.
In these experiments, the identification of the residues of the active
site that have potential contact with the substrate is crucial.

A number of mutagenesis experiments have been performed to
better understand the way those residues act along the biosynthe-
sis of prostaglandins.’® % Particularly interesting is the case of the
Gly526Ser (G526S) mutant of human COX-2.%° This mutation does
not appear to interfere with the three first reaction steps of the mech-
anism (Fig.1.6). However, no formation of prostaglandins was de-
tected and the 11R-HETE becomes the main product. Nevertheless,
the results of the Reverse phase High performance liquid chromatog-
raphy (RP-HPLC) analyzes of the products formed by G526S COX-2
mutant also reveal three minor products. Surprisingly, these secondary
products never were formed by COX-2. For that reason, Schneider et
al.% proposed that the 8,12-cyclization in the G526S mutant is steri-
cally hindered by misalignment of the substrate carbon chain. So, in-
stead of prostaglandins they found novel products that were identified
as 8,9-11,12-diepoxy-13R-(or 15R)-hydroperoxy derivatives of arachi-
donic acid. The corresponding reaction mechanism is presented in
Figure 1.9.

As a final conclusion, in that paper the Gly526 residue is considered
by Schneider et al.%* an important active site residue for the synthesis
of PGG,. For that, its mutation to Ser526 inhibits PGGy formation
and leads to the three diepoxy products mentioned before.

In this thesis a computational study has been performed, in order
to complement these experimental evidences and contribute to the un-
derstanding of the catalytic function of COX-2. The study provides
the molecular details of the way how that apparently an significant mu-
tation is able to fully arrest the PGGy biosynthesis, instead yielding
diepoxy products.
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Figure 1.9: Reaction mechanism proposed by Schneider et al. to
obtain the new novel products in the Gly526Ser COX-2 mutant.%
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1.5 Anti-inflammatory path of COX-2:AA

Nonselective blockage of PG biosynthesis by NSAIDs results in anti-
inflammatory, analgesic and antipyretic effects, as well as undesirable
gastrointestinal (GI) and renal toxicities.>® Nowadays, the NSAIDs
are among of the most highly prescribed drugs, such as, for instance,
aspirin, ibuprofen, naproxen and diclofenac. NSAIDs exert their action
by inhibiting both PGHS isoforms: COX-1 and COX-2.6!

Nevertheless, COX-1 inhibition depresses the prostaglandin pro-
duction, involved in gastroprotection.!® In contrast, COX-2 inhibi-
tion is the true molecular target for the anti-inflammatory effects of
NSAIDs.? For that reason, side effects associated with nonselective
NSAIDs prompt scientists to synthesize new molecules, selective COX-
2 inhibitors, to reduce GI and renal side effects. In 1999, the Coxibs
family was introduced, as the first selective COX-2 inhibitors.%? Since
then, NSAIDs are classified, generally, in non-selective or selective for
COX-2, as well as reversible or irreversible inhibitors.

Aspirin, one of the oldest and most common anti-inflammatory
NSAIDs, is the only irreversible inhibitor. Aspirin inhibits both PGHS
isoforms. For that reason, its inhibition is related to a well-known
benefit in the prevention and treatment of cardiovascular diseases. A
recent study® has demonstrated how the prediagnostic use of NSAIDs,
such as aspirin, and selective COX-2 inhibitors was associated with a
reduced rate of breast cancer recurrence.

However, a complete molecular understanding of aspirin action is
still lacking, just as the formation of the highly controlled stereochemi-
cal products is still presenting contradictory experimental explanations
(section 1.5.1). For that, in this thesis a theoretical study is performed,
in order to contribute to the understanding of the biological effects of
aspirin.

In the following subsections, first the irreversible inhibition of as-
pirin is described, followed by a brief explanation of the experimental
contradictions about how the enzyme controls the stereochemistry of
the products.
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1.5.1 Inhibition by Aspirin

Figure 1.10: Reaction mechanism of Acetylsalicilic Acid (ASA)
(called aspirin) acetylating Ser530 of COX-2.*

Aspirin (acetylsalicylic acid), so named for its ingredients acetyl and
spiralic (salicylic) acid, is one of the most popular and commonly used
therapeutic drugs in the world. For the sake of example, it can relieve
pain, fever, and inflammation,’* % as well as it reduces the rate of
breast cancer recurrence.’® The main pharmacological molecular target
of Aspirin, as a NSAID, is the enzyme COX-2.56 67

Aspirin is the only NSAID that covalently transforms COX-2, so
acting as an irreversible inhibitor. This occurs through the transfer
of the acetyl group of aspirin to the hydroxyl group of residue Ser530
of COX-2,%5% 687 gee Figure 1.10, obtaining the aspirin-acetylated
COX-2 enzyme.

1.5.1.1 Reaction Mechanism in aspirin-acetylated COX-2

Concerning to the cyclooxygenase reaction, it has been widely accepted
so far®® that the acetylation hinders PGG, formation from AA, but
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it is still able to produce HpETEs that subsequently are reduced to
the respective HETESs, see Figure 1.11. What it is the same, aspirin-
acetylated COX-2 no longer behaves as a cyclooxygenase but like a
lipoxygenase enzyme. Xiao et al.’¢ showed that both human wild-type
COX-2 and aspirin-acetylated COX-2 produced only the 11R~ and 15R-
HETE lipoxygenation products from AA, in the case of COX-2 just as
side products of PGG,. This stereochemistry at Ci5 turns out to be
opposite to that in PGGs, see Figure 1.11.

However, even knowing that Ser530 becomes acetylated (Fig.1.10),
the way aspirin-acetylated COX-2 manages to block PGG, formation
and, in spite of that, to produce 15R-HETE as the main product re-
mains quite uncertain.

Schneider and Brash®” proposed that the bulky acetyl group in
Serb30 forces the rotation of the w-chain of AA around the C;3—C1y
bond, in such a way that the methyl end comes close to the carboxy-
late end. This AA realignment causes a reversed oxygenation stere-
ochemistry at Ci5 leading to 15R-HETE as the exclusive enzymatic
product and probably shields the access of molecular oxygen to Cyq,
so hindering PGGy formation. In contradiction to that realignment,
almost simultaneously, site mutagenesis experiments®® by Rowlinson
et al. indicated that AA maintains in aspirin-acetylated COX-2 the
same "L-shaped" binding conformation as in wild-type COX-2, with
the AA w-end in an alternate conformation in the same region (hy-
drophobic groove) above Ser530. Those authors found that murine
aspirin-acetylated COX-2 produced 15R-HETE as the major product
and a small amount of 11R-HETE. Small quantities of prostaglandins,
which were attributed to the presence of residual uninhibited COX-2,
were also detected. Sharma et al.” have also reported that 15R-HETE
is the main product of the aspirin-acetylated COX-2 with AA.

The formation of 15R-HETE, as the main product of the aspirin-
acetylated COX-2, is a very physiologically relevant fact because 15R-
HETE can be further oxidized to aspirin-triggered lipoxins. These
bioactive compounds called lipoxins have a well-known anti-inflamma-
tory activity,” ™ thus contributing to the therapeutic effects of aspirin.
Conversely, the 15S-hydroxyl group of prostaglandins is essential for
their bioactivity.”™ 76
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On the other hand, EPR studies have shown the same character-
istics for the peroxyl-induced Tyr385 radical in human COX-2 than
in aspirin-acetylated COX-2, a 29-30-G wide singlet.?® 7 As stated in
section 1.3, hydrogen abstraction at Cq3 of AA by the Tyr385 radical
in COX-2 leads to a planar delocalized C;;—C;5 pentadienyl radical
that will react then with molecular oxygen. Tsai et al.”” have found
that the Tyr385 radical in aspirin-acetylated COX-2 is able to oxidize
AA to three possible carbon-centered radical intermediates: a planar
delocalized C1;—Cy5 pentadienyl radical and two twisted allyl radicals
delocalized over either C;;-C;3 or Ci3-Ci5, these last radicals lead-
ing to either 11R-HETE or 15R-HETE, respectively, by addition of
molecular oxygen. The acetylation of Ser530 would restrict the con-
formational space accessible to the AA radical intermediate, so forcing
the formation of an allyl radical rather than a planar pentadienyl rad-
ical. Note that an allyl radical would not preserve the planarity of
carbons C;;-Cjs.

Recently, Lucido et al.® have resolved the X-ray crystal structures of
human aspirin-acetylated COX-2 and human COX-2 in complex with
the aspirin precursor salicylic acid to 2.04 and 2.38 A resolution, respec-
tively, using synchroton radiation and molecular replacement methods.
No significant differences were found between the two monomers of each
homodimer, not even with the monomers in the crystal structure’ of
murine COX-2 complexed with AA.

The crystal structure of human aspirin-acetylated COX-2 indicates
that both monomers are acetylated. In addition, the spatial arrange-
ment of the acetylated Ser530 side chain at the top of the cyclooxy-
genase channel fully blocks the access to the hydrophobic groove: a
hydrogen bonding network is formed among the carbonyl oxygen of the
acetyl group and the phenolic oxygens of Tyr385 and Tyr348. However,
binding of AA in an "L-shaped" conformation,® with insertion of its
w-end into the hydrophobic groove is required to produce 15R-HETE.

Given that the crystal structure of AA bound to the aspirin-acety-
lated COX-2 could not be determined so far, Lucido et al.,® following
a previous suggestion by Tosco,® assume that a suitable rotation of the
acetylated side chain toward the constriction site of the cyclooxygenase
channel must happen to open the access of the AA w-end into the
hydrophobic groove. This rotated disposition would force AA into
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Figure 1.11: Reaction mechanism observed in COX active site of
aspirin-acetylated COX-2. The left path represents the formation of
the major product, 15R-HpETE. The right path represents the block-
age of PGGy biosynthesis.
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a more extended AA conformation (that is, with a larger distance
between Cg and Ci,), thus preventing cyclizations,® ® and straining
the C1;—Ci5 pentadienyl radical in such a way that the allyl radical on
C13-C15 would be trapped.® Moreover, that rotation would increase the
steric shielding of the AA side opposite to Tyr385,% thus changing the
molecular oxygen attack at C;5 from antarafacial to suprafacial and
leading to the 15R stereochemistry. For that rotamer to be possible,
the side chain of the close Leub31 should flip away from the constriction
site at the channel entrance.® The relevance of the rotation of the side
chain of Leu531 has been also remarked very recently by Dong et al.™

Checking the literature, the above-mentioned work by Tosco® is
the only computational study existing so far on the oxygenation of AA
by aspirin-acetylated COX-2. In that paper, Tosco carried out 10 ns
molecular dynamics simulations of the complexes murine COX-2:AA
C11—Ci5 pentadienyl radical and aspirin-acetylated murine COX-2:AA
C11—Ci5 pentadienyl radical. The analysis of the last 5 ns showed
that the average distance Cg—C'5 increases from 4.16 to 4.55 A under
acetylation. According to the author, this result indicates that AA
is bound in an extended conformation that would prevent the 8,12-
cyclization needed to yield the bicyclo endoperoxide of PGG,.

At the beginning of 2019, Giménez-Bastida et al.,” using RP-HPLC
with a radioactive flow detector, have identified PGE5 (a stable prost-
glandin generated by rearrangement of the highly unstable PGH;) as
the major product formed from AA by recombinant human COX-2,
as expected. In the case of aspirin-acetylated COX-2, 15-HETE has
been the major product, again as expected. However, early eluting
radioactive material at the retention time of prostaglandins was also
detected in aspirin-acetylated COX-2, accounting for about 15% of
all enzymatic products generated. Analysis of that material usign
Straight-phase High performance liquid chromatography (SP-HPLC)
with radiodetection very surprisingly has shown the formation of PGE,
in a 70/30 ratio of the 15R/15S epimers. Kinetic analysis indicated
that the formation of that mixture of PGE; Ci5 epimers by aspirin-
acetylated COX-2 is almost 25-fold less than for PGE; by COX-2 and
about 8-fold less than for 15R-HETE. To explain their results, the au-
thors conclude that AA binds in the aspirin-acetylated COX-2 with its
AA w-end in the hydrophobic groove above Ser530, as it is in COX-2.
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With this conformation, COX catalysis would proceed normally up to
the final oxygenation at C;5, which leads now to an R-configuration.
So, an unstable 15R-PGH, would be formed, which was detected as its
stable 15R-PGE, and 15R-PGD, transformation products.

After the brief explanation of the topic along the last 25 years, it
becomes clear that the understanding of how aspirin-acetylated COX-
2 controls the stereochemistry of the oxygenation reaction of AA still
poses challenging questions nowadays. Besides, some of the available
experimental results seem to be contradictory to each other. In other
words, although it might be sound quite surprising, some very relevant
molecular details of aspirin action (and, therefore, the full comprehen-
sion of its beneficial physiological effects) remain unidentified so far.

For that reason, as mentioned before in this thesis a computational
study has been performed to contribute for a better understanding of
the biological effects of aspirin.
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Chapter

Computational Methods

Theoretical chemistry arose as a discipline of chemistry at the time in
which both mathematical algorithms and physics laws met together to
explain certain processes of chemical interest.®’ Nowadays, theoretical
chemistry has quickly become a large scientific area. It supports an
explanation of the behavior of nature from a chemical, physical, mathe-
matical, biological, medical and pharmacological perspective. Thence,
theoretical chemistry puts all the effort to validate the computational
methods and bolster the experimental results.

Nature presents plenty of different molecules (small and large) whose
energies are extremely difficult to calculate. From a chemical point of
view and assuming the Born Oppenheimer approximation, the move-
ments of the nuclei and the electrons in a molecule are treated sepa-
rately, allowing the Potential Energy Surface (PES) description by clas-
sical or quantum methods.8! Therefore, theoretical chemistry presents
different levels of theory: Molecular Mechanics (MM), Quantum Me-
chanics (QM) and Quantum-Mechanics/Molecular-Mechanics (QM /-
MM), to describe the potential energy function of each system.

In this chapter, how MM describes molecular systems is introduced.
Then, the QM method used in this thesis is briefly explained. Con-
tinuously, the hybrid QM/MM method is explained, followed by the
explanation of two different approaches used in this thesis for QM /MM
calculations. Finally, the Molecular Dynamics method is introduced.
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2.1 Molecular Mechanics

Molecular Mechanics uses classical mechanics to describe the poten-
tial energy of a molecule. This means that each atom is treated as
a classical particle with a determined mass, net charge and radius.
Thus, the potential energy of a system is calculated as a function of
the nuclear positions ignoring the electron motion. Hence, MM cannot
describe neither bond breaking nor bond forming processes. However,
for example, the changes in torsional conformations and non bonded
interactions are the kind of chemical processes that MM was designed
to model.

Historically, Molecular Mechanics was formulated in 1946 by Wes-
theimer,®? Hill,®® and Mayer,® as a general method for studying the
variation of the energy of small organic molecules as a function of their
molecular conformation. Over the years several scientific contributions
to the development of MM have allowed this method to be also used
to simulate the geometry and energy of large biological molecules.

2.1.1 Mathematical expression: Forcefield

The principle behind MM is the mathematical expression of the po-
tential energy of a molecule which is a function of the position of N
atoms. This mathematical equation is called the Forcefield (FF). The
FF can be written as:

EMM = E EStreching"‘ g EBending

bonds angles

+ g ETorsz'onal + E Elnteractions

torsions Non—Bonded

(2.1)

where E /), expresses the potential energy of the N atoms of a molecule.
The potential energy is composed of the sum of two types of contribu-
tions: the bonded and non-bonded terms given in equation 2.1. The
bonded term is defined as the sum of the following contributions: (i)
the stretching energy that accounts for bond stretches between pair of
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bonded atoms (Egstreching); (il) the bending energy of the valence angles
between three atoms (Epcnging), and (ili) the torsional energy of the
dihedral angles between four atoms sequentially bonded (Erorsionat)-
The non-bonded term is defined as the sum of the non-bonded inter-
actions (Ej,ieractions) between all pair of atoms (i and j) that are not
directly bonded and are separated at least by three bonds or that are
in different molecules.

In most forcefields the commonly used functional form for each one
of the energy contributions indicated in equation 2.1 is given in the
following mathematical expression:

Eviv = Z ky (1; — l0)2 + Z ko (0; — 90)2

bonds angles
+ Y k[l + cos(ng — 0)]
torsions <22)

12 6
4i4; Oij 0ij
+ g () - (2
2 {47T507”ij : [(Tij) (Tij) ]}

Non-bonded pairs

where the Streching energy (Estreching = ki (I; — l0)2> represents the en-
ergy needed to change the bond length of the bond i from the reference
bond length, [y to the current bond length [;. This is modelled by the
harmonic approximation (Hooke’s law). k;, is considered to be the force
constant associated to the bond.

The Bending energy (Epending = ko (6; — 90)2) represents the energy
needed to change the valence angle i from the reference valence angle 6,
to the current value ;. This is modelled using Hooke’s law or harmonic
potential. ky is considered to be the force constant of an angle.

The Torsional energy (Erorsionat = kg [1 + cos(ng — d]) considers
four atoms sequentially bonded (A-B-C-D), expressing the rotation
of the dihedral angle between A, D atoms. k, represents the rotational
barrier of the bond B-C, n is the multiplicity (number of minimum
energy points in the function over a 360° rotation), ¢ is the dihedral
angle, and ¢ is the phase factor, which determines where the dihedral
has its minimum value.
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Finally, the Non-Bonded terms (Eq.2.2) represent the contribution
of two different non-bonded interactions: (i) the electrostatic interac-
tions and (ii) the van der Waals interactions. The electrostatic interac-
tions can be modeled by the Couloumb’s law; where ¢; and ¢; are the
net atomic charges of atoms i, j, and ¢; is the dielectric constant. The
van der Waals interactions described by Lennard-Jones 12-6 potential;
where 7;; is the distance between two atoms, ¢;; is four times the po-
tential well depth and o;; defines the collision diameter at which the
energy becomes zero. Moreover, the attractive and repulsive energy
contributions are well characterized by this Lennard-Jones potential
with an attractive part that varies as 7% and a repulsive part that
varies as 712,

Once a functional form for each energy contribution has been cho-
sen, the values of all the different parameters involved (force con-
stant, references values etc) must be specified. The parameterization
of a forcefield is not a trivial task, in which modelling a new class of
molecules can be a complicated and time-consuming procedure. It is
important to keep in mind that a forcefield always should try to re-
produce the molecular properties in the correct environment. To do
so, experimental data is needed but sometimes it is difficult to obtain
it for particular classes of molecules. Ab inito® and DFT®® calcula-
tions reproduced accurately the experimental results. For that reason,
Quantum Mechanics (QM) calculations are usually used to reproduce
the data for the parameterisation of FF.

Apart from these contributions, it is important to define the concept
of Atom Type in a forcefield. The atom type term defines: the atomic
number of an atom, its hybridization state and the type of chemical
bond that presents with other atoms.®' Thus, Atom Type term is a
distinctive trait of each FF. This means that the atom type reflects
the neighbouring environment of an atom inside a molecule.

Different forcefields exist depending on the functional form of the
energy contributions, the set of parameters, the atom types and their
scope of applicability. For example MM2% MM38" and MM4®® force-
fields are widely used for calculations on organic molecules. On the
other hand, AMBER®, CHARMM® and GROMOS™ forcefields are
commonly used for calculations on biomolecules in which the atom
types can be classified considering the protonation state of the residues.
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However, transferability is a very important feature of a forcefield.
Transferability refers to the ability to transfer the same set of param-
eters of a molecule to a series of related molecules, rather than to
calculate new parameters for each molecule.”?

2.2 Quantum Mechanics

The origin of the Quantum Mechanics (QM) term comes from Latin
in which ’quantum’ means 'How much’ and 'mechanics’ means (in
physics) the study of the behaviour of bodies under the action of forces.
However, in a chemical context Quantum Mechanics treats molecules.
Molecules are constituted by atoms which are made of nuclei (protons
and neutrons) and electrons. Quantum mechanics explicitly repre-
sents the electrons, making possible to define molecular properties that
depend upon the electronic distribution. This means that Quantum
Chemistry deals with the motion of electrons under the influence of the
electromagnetic force exerted by the nuclear charge and the rest elec-
trons. In particular, QM allows to study chemical reactions in which
the bond-making and bond-breaking are involved.

2.2.1 Time-independent Schrodinger Equation

This thesis is focused on the solution of the non-relativistic, time-
independent Schrédinger equation (Eq.2.3) where E is the total energy
of the state described by the wavefunction ¥ and H is the Hamiltonian.

HU = EV (2.3)

The mathematical expression of the time-independent Hamiltonian
operator is expressed by the contribution of the kinetic energy of the
electrons and nuclei, the attractive interactions between electrons and
nuclei, and the inter-electronic and inter-nuclear repulsions (Eq.2.4).
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(2.4)

where i and j represent the electrons, k and 1 represent the nuclei, A is
the Planck constant divided by 27, m. and my represent the mass of
the electron and the nucleus k, respectively, V? is the Laplace operator,
e represents the electron charge, Z; and Z; represent the corresponding
atomic number and 75, 73, and ry; represent the distance between the
corresponding particles.

However, the equation 2.3 is very complex to be solved for systems
of M nuclei and N electrons. Then, the Born-Oppenheimer approxi-
mation has to be applied. This means that the electron motion can be
treated independently of the movement of the nuclei, due to the fact
that the electrons are much lighter than the nuclei. Maintaining the
nuclei fixed and keeping apart the inter-nuclear repulsion (Vyy) the
electronic Schrédinger equation is obtained (Eq.2.5).

HV, = E.U, (2.5)
where H, is expressed following equation 2.6.
~ hQ €2Zk 62
Ho=-Y —V?— — 2.6
: 2mevl ZZ S (26)
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It is important to emphasize that for a given nuclei configuration
the Vyn can be recovered according to equation 2.7, where U is the
potential energy surface.

E.+Vyn=U (2.7)

Even so, the electronic Schrodinger equation for a N electron sys-
tem is still very complex. For that reason, some approximations are
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commonly assumed to solve the equation 2.5 for polyelectronic sys-
tems. The first of those approximations presented here is the Hartree-
Fock (HF) method.

In HF approach each electron is described by a spin-orbital. Since
the electrons are particles with a spin of 1/2, the total wavefunction is
expressed as an anti-symmetric product of spin-orbitals organized in a
Slater determinant (Eq.2.8).

W12, N) = (V)75 31078 fa (@) ()} (28)

where N represents the number of electrons, y; corresponds to the
spin-orbitals, Pq is the permutation operator, and p, is the number
of transpositions needed for the permutation. Nevertheless, the HF
method presents a limitation for polyelectronic systems. The electron
correlation (E.,) between the electrons of different spin is not con-
sidered due to the fact that each electron perceives the rest of the
electrons as an average electric field. For that reason a lot of post-HF
methods have been created to include the E,,,.,., for example: Config-
uration Interaction, Moller-Plesset Pertubation Theory and Coupled
Cluster methods.?> However, all these ab initio methods are compu-
tationally expensive for systems with a certain number of atoms (i.e
biomolecules). An alternative method to treat systems with many
atoms, is based on Density Functional Theory (DFT), which also is
focused on including the E.,,,.

2.2.2 Density Functional Theory

Density Functional Theory (DFT) is an alternative approach to ab
initio methods that has been used over the past decades to perform
calculations with systems of hundreds or more atoms. DFT requires
less computational time than the ab initio methods to perform the
calculations in large systems, but also takes into account electron cor-
relation. The principle behind DFT is based on writing the electronic



38 Computational methods

energy in terms of electron density p. Therefore, the electronic energy,
that in this section is called E, is associated to a functional of the
electron density E|p|, and each p corresponds to a single energy value.

For a better understanding of the DFT approach, we have to go
back to the '90s. In that decade the concept of the relation between the
electronic energy and the electron density became popular. This rela-
tion was in turn based on the model developed by Thomas-Fermi 93 %4
in the late 20s. However, the real breakthrough underpinning DF'T
was developed by Hohenberg and Kohn in 1964% based on two theo-
rems:

FIRST THEOREM: Any observable of a non-degenerate ground
electronic state can be calculated, exactly in theory, from the electron
density of the ground state. FExpressed differently, energy is a functional
of the electron density of the ground state.

The theorem concretely underpins that the electrons are under the
effect of an external potential. This external potential in a molecule
is created by the nuclear attraction. Therefore, the first theorem es-
tablishes that for a particular external potential Vy.(7), the properties
of the ground state of a polyelectronic system are defined by p(7).
Thereby, the electronic energy of the ground state can be expressed
following the equation 2.9.

Ealil = [ o9V + Finc () (2.9

where Vy(7) is the external potential corresponding to the attractive
interactions between electron-nucleus, and Fyx [p(7)] is the Hohenberg-
Kohn functional. The functional represents the terms non-dependent
of the external potential, see equation 2.10

Fu [p(F)] = T [p(7)] + Vee [p(7)] (2.10)

where T' [p(7)] represents the kinetic energy contributions, and V. [p(7)]
is the summation of the classical and non-classical electron-electron in-
teraction contributions.
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The V.. [p(7)] contributions are expressed in equation 2.11.

Ve [p(F)] = J [p(F)] + K [p(7)] + J [p()] (2.11)

where J [p(7)] represents the classical Coulomb interaction, K [p(7)] is
the exchange energy and J' [p(7)] is the potential correlation energy.
However, only the expression of J[p(7)] is known, whereas T [p(7)],
K [p()] and J' [p(7)] are unknown.

SECOND THEOREM: The electron density of a mon-degenerate
electronic ground state can be calculated determining the density that
minimizes the energy of the ground state.

The second theorem underpins that for any positive definite trial
density p;, the energy would be always bigger than the exact ground
state energy, see equation 2.12.

E, [pO] < E, [Pt] (2'12)

In spite of the breakthrough of Hohenberg and Kohn theorems, a
functional expression for T [p(7)], K [p(7)] and J [p(7)] terms could not
be determined. The first solution of this problem appeared in 1965.

2.2.2.1 Kohn-Sham Method

Kohn-Sham proposed® in 1965 the first approach to solve the
lack of knowleadge about the T [p(7)], K [p(7)] and J [p(7)] func-
tionals. The principal progress was to discover a simple way to de-
fine the Hamiltonian operator, considering a system of non-interacting
electrons. This approach introduces a fictitious system of N non-
interacting electrons to be described by a set of monoelectronic wave-
functions ¢;, assuming that the density of its ground state is the same
as the density of an interacting electron system. So, the kinetic func-
tional Ty[p], and the electronic density can be obtained following equa-
tions 2.13 and 2.14.
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Tl =5 2 (6| V2] ) (213)

p(r) = Z (7] (2.14)

In the equation 2.13 the suffix s, indicates that this is not the real
kinetic energy, but the kinetic energy of a non-interacting electron
system.

Thereby, the electronic energy expression of the ground state can
be rearranged as indicated by equation 2.15, being the general DF'T

energy expression.

Eppr [p(F)] = T [p(F)H/p(ﬂVne(T)dr+J[p(f3]+Ezc [o(7)] (2.15)

where the new term introduced is the exchange-correlation functional

E..[p(T)], see equation 2.16.

Eve [p(7)] = (T [p(7)] = Ts [p(M)]) + (Vee [p(7)] = T [p(F)])  (2.16)

which is a sum of the kinetic correlation energy and the error made in
treating the electron-electron interaction classically. The fundamen-
tal aspect underpinning DF'T theory is to find the best expression for
the exchange-correlation functional, for which the exact form is un-
known. Nevertheless, several DFT methods have been developed to
obtain an approximated expression for the exchange-correlation func-
tional,®! such as the Local Density Approximation (LDA), the Local
Spin Density Approximation (LSDA), the Non-local Corrections or
Generalized Gradient Approximations (GGA), the Meta-GGA appro-

ximations and the hybrid exchange functional (used in this thesis).
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2.2.2.2 Hybrid Exchange Functional

The principle behind the hybrid exchange method is based on combin-
ing Hartree-Fock corrections with the exchange-correlation functional
E..[p]. The way to include the exact exchange derived from a HF
calculation is obtained from the so-called Adiabatic Connection For-
mula (ACF).®® The ACF connects the non-interacting and the fully
interacting states (Eq.2.17).

B [ WA (2.17)

where W,.[\] represents the exchange-correlation energy of the elec-
tronic part of a interacting polyelectron system, and X is the coupling
constant (which takes values from 0 to 1). At the limit of A = 0 the
electrons of the system do not interact with each other, resulting in an
exact exchange at the HF level. However, in the A = 1 limit the elec-
trons of the system interact, contributing to the exchange-correlation
energy. Then, on the basis of equation 2.17 an approximation can be
applied. In 1993 Becke” proposed an approximation to calculate the
exchange-correlation energy, in which W, [A] presents a linear depen-

dency on A leading to equation 2.18.

1 1
Eyelp] = 3 DFT 4+ 5 o (2.18)

where EDFT = WX=1[)] represents the exchange-correlation energy
calculated by a DFT method, and EXF = W[\ represents the
exact exchange energy calculated by the HF method.

One of the better known hybrid functionals is B3LYP.?® This func-
tional was created by Becke, and Lee, Yang and Parr. B3 makes
reference to the development of Becke’s 3-parameter exchange correla-

tion functional® (Eq.2.19). LYP makes reference to the development
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of Lee, Yang and Parr’s correlation functional'® that recovers dynamic

electron correlation (Eq.2.19).

E}](303LYP — (1 o aO)E)I:SDA 4 CLOE)I;IF

(2.19)
+ a, AEP® 1+ 0, EYP 4 (1 — a.) EYWN

where the values ag = 0.2, a, = 0.72 and a. = 0.81 are suggested by
Becke, EXSPA s the standard local exchange functional, EXF is the ex-
act (Hartree-Fock) exchange functional, AEP®® is the Becke’s gradient
correction to the exchange functional but uses LYP for the correlation
functional. Since LYP does not have an easily separable local com-
ponent, the (EYWN) expression, called the local correlation functional
of Vosko, Wilk and Nusair (VWN),!%! has been used to provide the
different coefficients of local and gradient corrected correlation func-
tionals. It is also important to emphasize that other relevant hybrid
functionals exist, such as BSPW91, MPW1K and PBEO.%

2.3 Hybrid QM /MM Method

The hybrid Quantum-Mechanics/Molecular-Mechanics (QM/MM) me-
thod is a theoretical approach that combines Quantum Mechanics
(QM) methods and Molecular Mechanics (MM) methods, enabling the
description of catalytic reactions in very large enzymes with a rea-
sonable computational effort and accuracy. In 1976'°? Warhsel and
Levitt presented the first QM/MM calculation of an enzymatic reac-
tion. However, the QM /MM approach was not widespread accepted
until 1990 with the paper published!?® by Field, Bash and Karplus,
describing in detail the coupling of QM methods with MM methods.
In the same paper an evaluation of the accuracy and effectiveness of

the method against ab initio calculations and experimental data was
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shown. Over twenty years of research, the QM/MM methods have
been used to model hundreds of systems taking the environment into
account to achieve a better understanding of their molecular and chem-
ical properties. Numerous reviews and articles have been published

validating the QM /MM approach not only in biomolecular® 105

106, 107 108

Sys-

tems, but also in organometallic , solid-state™® systems and in
processes with explicit solvent'®. For that reason, in 2013 the Nobel
Prize in chemistry was awarded to Martin Karplus''®, Michael Levitt
U1 and Arieh Warshel!?? for the development of multiscale models for

complex chemical systems.

2.3.1 QM/MM energy expression

To begin with, it is important to know how the QM/MM methods
treat the complete system (S). The system is divided into two regions:
the QM region or inner region (I) and the MM region or outer re-
gion (O) (Fig.2.1). The QM method is applied to accurately model
the electronic-structure of the inner region, while the MM method is
employed to model the surrounding region without an explicit repre-
sentation of electrons. Owing to the fact that the complete system is
considered as a whole, the potential energy of the entire system can-
not be simply written as the sum of the energies of the QM and MM

contributions. Therefore, QM-MM interactions have to be considered.

The coupling terms are defined by the boundary region, where a
special caution is needed with the covalent bonds between the subsys-
tems (see section 2.3.2). QM /MM schemes (Fig.2.1) can be classified
into two different approaches according to their total energy expres-
sion: the Subtractive and the Additive QM /MM schemes.
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S:QM/MM

Boundary
region

Figure 2.1: Segmentation of the entire system (S) into the inner (I)
and the outer (O) regions, considering the yellow ring around the inner
region as the boundary region.

2.3.1.1 Subtractive QM /MM scheme

In the subtractive scheme, the QM /MM potential energy expression is
the sum of the MM energy of the total system (Eypn(S)) and the QM
energy of the inner subsystem (Equ(I)), subtracting the MM energy
of the inner subsystem (Eyp(I)) to avoid double counting. The final

expression is given in equation 2.20.
Eginm(S) = Exn(S) + Equ(I+ L) — Eyu(I+ L) (2.20)

As it is formulated in equation 2.20 all the calculations on the inner
region are performed including the link atoms (L) to become a capped
inner system (I+L). Theoretically, the subtractive scheme can be con-
sidered an MM approach in which a small part of the system is treated
at the QM level and no explicit QM-MM coupling terms are needed.
This simplicity makes the implementation relatively straightforward
and it is considered the main advantage of the subtractive approach.
Moreover, the link atom artifacts are corrected by the subtraction, as

long as the MM energy terms involving the link atoms reproduce the



Hybrid QM /MM Method 45

QM potential reasonably well. However, the coupling between the QM
and MM subsystems is treated entirely at the MM level, producing
special problems with the electrostatic interactions which are repre-
sented by the Coulomb interaction between fixed atomic charges in
the QM and MM regions. This also means that the inner region must
have a complete set of MM parameters to perform the MM calcula-
tion of the total system and the inner subsystem. An example of this
scheme is the ONIOM ( Qur N-layered Integrated Molecular Orbital and

1,11127 113 (

Molecular mechanics) approac see section 2.5).

2.3.1.2 Additive QM /MM scheme

In the additive scheme, the QM /MM total energy expression of the
entire system is the sum of the MM calculation of the outer subsystem,
Eyi(0O), the QM calculation of the inner subsystem, Ey(I), and the
explicit QM-MM interactions, Equ—mm(I, O), which gives equation
2.21.

Eg;ﬁ ana(S) = Exi(0) + Equi(I+ L) + Equ-um(T, O) (2.21)

As it is formulated in equation 2.21 the QM calculation on the inner
region is performed including the link atoms (L) to become a capped
inner system (I + L). As opposed to the subtractive scheme, in the
additive scheme the outer subsystem is the only region calculated at
the MM level. The explicit coupling term'® Eqy_am(I, O), is the
sum of the bonded (when present), van der Waals, and electrostatic

interactions terms between the QM and MM atoms, see equation 2.22.

Equ (L, 0) = E(%M—MM + E(SC}\X\:MM + E(%li(a:t—MM (2.22)
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where E(SM_MM represents the energy of the bonded interactions,
E(S(%\/IV\LMM the energy of the van der Waals interactions and ESﬁ?_MM
the energy of the electrostatic interactions.

The bonded interactions represent the bond stretching, angle bend-
ing and torsional interactions between the QM atoms and MM atoms
and are described using the standard MM parameters.

The van der Waals interactions account for the coupling between
all atoms of the QM region an every atom of the MM region. In par-
ticular, the EG{Y vy only considers pairs of atoms, one from the QM
and the other from the MM region. The van der Waals parameters
of the QM atoms of the inner region are described by the Lennard-
Jones potential of the FF (Eq.2.2). Nevertheless, the atoms of the
inner region can change their character along a reaction path. These
complications, in practice, are alleviated by the short-range nature of
the van der Waals interaction, due to the fact that only those atoms
closest to the boundary contribute significantly to the van der Waals
interaction term. Then, to minimize the possible errors concerning to
non-optimum Lennard-Jones parameters, the QM-MM boundary may
be placed further away from the QM atoms involved in the reaction.

The electrostatic interactions represent the coupling between the
QM charge density and the charge model employed in the MM region.
The accuracy of the description of electrostatic embedding is essential
for a realistic modeling of biomolecules. For that reason, three different
electrostatic schemes have been developed according to the degree of
polarization: the mechanical embedding, the electrostatic embedding

and the polarized embedding.
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e MECHANICAL EMBEDDING

The electrostatic QM-MM interactions are considered as electro-
static MM-MM interactions, in which the point charge model at
classical level (typically rigid atomic point charges) is applied to
the QM region. Theoretically, this type of interaction is simple
and computationally efficient. However, it presents some dis-
advantages and restrictions: (i) the QM density is not directly
polarized by the electrostatic environment; (ii) some discontinu-
ities appear in the PES when the charge distribution in the QM
region changes (typically during a reaction) and (iii) it presents
problems in the derivation of proper MM charges for the inner re-
gion which not necessary reproduce the true charge distribution

of the inner region.

e ELECTROSTATIC EMBEDDING

In contrast, according to this approach the electrostatic QM-MM
interactions are treated at the QM level. The MM charges in the
QM calculation are included as a mono-electronic terms in the

QM Hamiltonian, see equation 2.23 in a.u units.

Qa
QM/MM ZZ 7 — XJ| + Z Z Z‘]_ X, (2.23)

i Jeo acl+L Je@
where ¢ are the MM point-charges located at X ;, the (), are the
nuclear QM charges at X, and x; designate electron positions.
Indexes 1, J, and « are linked to the N electrons, L point charges,
and M QM nuclei,respectively. This type of polarization is more
accurate and solves the restrictions of the mechanical embed-
ding scheme: (i) the QM density is automatically polarized by
the environment, (ii) the QM electronic structure adapts to the

changes in the charge distribution of the environment and (iii) no
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charge model needs to be derived for the QM region. However,
the incorporation of the electrostatic embedding scheme not only
requires a higher computational cost, but also requires a special
care at the QM-MM boundary (section 2.3.2) to avoid overpo-
larization. These problems become notable when the boundary
crosses a covalent bond. Aside from this, the electrostatic em-
bedding scheme is the most well-liked embedding approach for

biomolecular applications.

e POLARIZED EMBEDDING

The electrostatic QM-MM interactions include a flexible MM
charge model polarized by the QM charge distribution. This
polarization scheme allows the mutual polarization with a self-
consistent formulation that includes the polarizable MM model
into the QM Hamiltonian.

An example of the application of this additive QM /MM scheme is

114, 115 (

the current version of Chemshell Software see section 2.4).

2.3.2 QM-MM Boundary schemes

The Boundary scheme model deals with the treatment of the atoms
at the boundary between the QM and MM regions, specially with
covalent bonds that cross the QM-MM boundary. The main objective
of the QM-MM boundary consists of defining the better QM and MM
subsystems. This is easier if the boundary does not cross covalent
bonds. However, in many cases it is unavoidable that the QM-MM
boundary cuts a covalent bond; for instance, in an enzymatic reaction
that involves a metal coordinated to several ligands or a long substrate.
In these cases, three issues have to be taken into account: (i) the

drooped bond of the QM atom has to be treated as in an homolitic
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Figure 2.2: Representation of a covalent bond that crosses the QM-
MM boundary using the link-atom scheme. L represents the link atom
and @ and M the atoms at the QM and MM regions, respectively. The
yellow area represents the atoms included in the inner region, whereas
the blue area includes the atoms of the outer region.

breakage, (ii) the overpolarization of the QM density by the MM point-
charges close to the boundary has to be prevented for electrostatic or
polarized embedding, especially using the link-atom scheme, and (iii)
it is important to achieve a well-balanced description of the QM-MM
interactions at the border, avoiding double-counting of interactions and
selecting the correct bonded QM /MM terms that involve atoms from
both subsystems. Currently, there are two main different classes of

boundary schemes: the link-atom and the localized-orbital scheme.

e LINK-ATOM SCHEME

The link-atom method treats the covalent bond at the QM-MM
boundary in a very simple way (see Figure 2.2). The covalent
bond that crosses the boundary is divided between the inner re-
gion (QM) and the outer region (MM). Q! stands for the QM
atom closest to the boundary, and M* stands for the MM atom
closest to the boundary. This atom Q' is included in the inner
region, whereas the atom M! is in the outer region. Conse-

quently, on one hand, the Q' atom of the QM region has a free
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valence, which is capped by an additional atom (L) covalently
bonded. On the other hand, the bond Q*-M" is described at the
MM level. For that reason, QM calculations are performed on
an electronically saturated system (I + L), both for an subtrac-
tive or additive scheme, see section 2.3.1.1 and 2.3.1.2. The link
atom L is in most cases a hydrogen atom, but it can also be any

monovalent atom or group.

However, the presence of an extra atomic center (L) creates some
problems: (i) the addition of a link atom produce three degrees
of freedom not introduced in the real system and (ii) as noted
above, the link atom and the QM density close to the point
charge of the atom M! will tend to overpolarize the QM density
in the case of electrostatic and polarized embedding. Neverthe-
less, some approaches have been put forward to reduce overpo-
larization. One of the most commonly used is the charge-shift
scheme introduced by Sherwood and co-workers'® 11¢ based on
shifting /redistributing the point charges in the link region. This
approach removes the partial charge from M*, distributed over
the M? atoms to preserve the total charge and dipole of the
MM region. There exist two more approaches, one deletes the
one-electron integrals associated with the link atom, whereas the
other one deletes the MM point charges in the link region from

the Hamiltonian.

FROZEN LOCALIZED-ORBITAL SCHEME

The principle behind the Frozen Localized-Orbital (FLO) con-
sists of placing a set of orientated localized orbitals on one of the
frontiers atoms and keeping some of them frozen, not participat-
ing in the SCF interactions. Some of the different schemes that

share this same approach are: the Local Self-Consistent Field
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(LSCF)!17% 18 " the frozen orbitals (a variant of LSCF)9 121 and
the Generalized Hybrid Orbitals (GHO)!?2124,

2.4 Chemshell Software

ChemShell is a computational chemistry modular package focused on
hybrid QM /MM simulations and developed by the main author Paul
Sherwood and co-workers.1%% 114 115 Chemshell is widely used to study
large systems such as biological macromolecules and framework mate-
rials. Chemshell is programmed with Tool Command Language (Tcl)
scripting language. The concept is to leave the time-consuming QM
energy evaluation to external specialized codes. The software is a pack-
age to perform QM /MM calculations by combining external QM codes
with an internal MM code that can calculate the MM energy according
to different forcefields. For each code, Chemshell has a corresponding

interface module written also in Tel.

2.4.1 QM/MM Methodology

Chemshell, as it is mentioned before, is mainly used to perform QM /-
MM calculations, but it can also be used to carry out QM or MM
calculations. The software divides the total system into QM and MM
subsystems, interfacing the programs to perform both the QM and MM
calculations. The QM codes that can be interfaced via Chemshell are
for example: Gaussian'?®, Turbomole, Q-Chem, MNDO, ORCA, etc.
to define the QM region. On the other hand, DL-POLY!? is an inter-
nal module of Chemshell developed by W. Smith. DL-POLY is the MM
code that can run with difference forcefields such as CHARMM and
AMBER to define the MM region. The module is programmed to con-
vert the parameters and topology files from AMBER and CHARMM
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format, for instance, into the internal format suitable for calculations
with DL-POLY.

Chemshell uses the additive QM /MM scheme (see section 2.3.1.2)
by default, but it also presents the subtractive QM-MM scheme (see
section 2.3.1.1) as an alternative.!!s

In this thesis Gaussian and DL-POLY have been used to perform
the QM and MM calculations, respectively, considering the electro-

static embedding scheme.

2.4.2 Geometry Optimization

Chemshell has been chosen in this thesis to characterize the chemical
reaction paths by using geometric optimization algorithms. Chemshell
presents some of those algorithms incorporated in different modules
of the codes such as HDLCOpt'?” and the most recently developed
DL-FIND!28,

e HDLCopt or Hybrid Delocalised internal Coordinate optimizer
was developed by Alex Turner and Salomon Billeter, as part of
the QUASI project.!® The optimizer was designed to explore
potential energy surfaces, to locate energy minima and to carry
out Transition State (T'S) searches, for macromolecular systems
with thousands of atoms that participate in an enzymatic reac-
tion. The HDLCopt!?" optimizer is composed of two principal
optimizer algorithms: the Limited-memory Broyden-Fletcher-
Goldfarb-Shanno (L-BFGS)'? optimizer and the Partitioned Ra-
tional Function Optimizer (P-RFO)!3°. The L-BFGS is used
for linear scaling geometry optimization, and the P-RFO for TS
searches. Furthermore, the optimizer also presents the microiter-
ative optimization scheme.'®! The last feature that must be high-

lighted of this optimizer is related with the generation of HDLC
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as the coordinate system use for efficient geometry optimizations.
To do so, the system is split up into several residues. Internal
coordinates are defined and delocalized within each residue, and
the relative position of those residues are defined in Cartesian

coordinates.

e DL-FIND optimizer was developed by Johannes Késtner and
Tom Keal'?® as an improvement of the HDLCopt module. DL-
FIND supports a wide variety of optimization methods. The
module was designed to apply the different algorithms to explore
potential energy surfaces, to locate minima, to search for TSs
(specially using the dimer method). Furthermore, the module
also includes an algorithm to perform a constrained minimiza-
tion to a conical intersection and the nudged elastic band (NEB)

method to characterize reaction paths.

In this thesis the HDLCopt optimizer has been chosen to perform
the QM /MM calculations, according to the Chemshell version 3.4.2 in
which DL-FIND optimizer was under development.

2.5 Gaussian’s ONIOM method

ONIOM stands for Our own N-layered Integrated molecular Orbital and
molecular Mechanics.''®* ONIOM is a computational approach devel-
oped by Morokuma group and co-workers!®? that was launched for the
first time as a Gaussian’s method in its version 98. Nevertheless, it was

3133 when ONIOM was applied to study large sys-

not until Gaussian 0
tems of chemical and/or biological interest, such as enzymes. ONIOM
is a hybrid method based on a subtractive scheme (see section 2.3.1.1)

that enables different ab initio, DFT, semiempirical methods or MM
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methods to be combined to produce reliable energies and geometry

optimizations at reduced computational time.

2.5.1 QM/MM Methodology

ONIOM approach usually divides the total system into three systems
called: the small model (SM) system, the intermediate (I) system and
the real (R) system. In a more simplify approach there are only two
systems: the SM and the R system. The energy of each system is
calculated at a different level of theory, being the energy calculation
less accurate as the system becomes larger. These levels of energy
are called: the high level, the medium level and the low level. The
most commonly used ONIOM method is a two-layer scheme known
as ONIOM2. If the ONIOM2 method combines an MM method with
a QM method, the approach is denominated ONIOM2(QM:MM), but
if two QM methods are combined, the approach is called ONIOM?2
(QM1:QM2).

In this thesis, the ONIOM2(QM:MM) model is used to obtain the

energy of the system and it is expressed following the equation 2.24.

EONIOM _ plow | et _ plow (2.24)

where EONIOM g the energy of the system, ERXY corresponds to the
energy of the real system (or total system) at the low level using an
MM method, Egﬁh is the energy of the small model system at the high
level using a QM method, and EY represents the energy of the small
model system at the low level using an MM method. However, as it
is referred in section 2.3.1.1, the subtractive scheme does not present
an explicit QM-MM coupling term, causing special problems with the
electrostatic interactions. Thus, in the original ONIOM method only

the mechanical embedding (ME) scheme was implemented. So, the
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polarization of the QM region by the MM environment system was not
included yet. Later on, the electrostatic embedding (EE) scheme was
implemented in ONIOM developed by Vreven et al.!3* for the Gaussian
program. Nevertheless, the additive QM /MM coupling term (section
2.3.1.2), where the electrostatic embedding (QM/MM-EE) is included,
is not identical as the ONIOM-EE method implementation (Eq.2.25).

The QM/MM-EE only incorporates the MM point charges as a
mono-electronic term into the QM Hamiltonian (Eq.2.23). In con-
trast, in the ONIOM-EE embedded approach the MM point charges
are included in both, the ESE™" and EWy terms (Eq.2.25). Then, the
expression of the Hamiltonian of the QM small model Héllivg{h’v, follows

the equation 2.26.

Eontom_ge = ER™ + Eg™ — Egyy (2.25)

g g - Y ey B o
i on L j n i

where n, j, and 4 refers to the point charges of the MM region, QM
atoms and QM electrons, respectively. ¢, is point charge in the envi-
ronment system and .S, is a scale factor for the MM atom n, which
is essentially 1 for most point charges. Z; corresponds to the nuclear
charge of the QM atom j. Finally, r;,, represents the distance between
a QM electron and a point charge of the environment system and r;, is
the distance between a SM atom and a point charge of the environment

system.
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The Eéf/[w’” term is expressed following the equation 2.27

S.q
ELoew — plov 45 2ntn 2.27
SM sM T ;; Tin (2.27)
where here j corresponds to an atom of SM model, and the rest variable
are the same just as equation 2.26. Finally, in ONIOM the link-atom
approach (see section 2.3.2) is also employed by default to deal with
the boundary between QM and MM region.

2.5.2 Geometry Optimization

The geometry optimization of the minimum energy structures and the
transition state structures is essential to understand the mechanism
of a chemical reaction. The ONIOM method presents two main opti-
mizer methods: the macro/microiteration method, and the quadrati-

cally coupled method.

e Macro/microiteration Method is an efficient hybrid opti-
mization ONIOM2(QM:MM) method for large systems.' The
method carries out two separate iterative optimizations: i) an
MM optimization with microiteration steps of the real system is
performed, fixing the small model system. ii) an expensive QM
optimization with macroiteration steps of the small model sys-
tem is performed, fixing the rest of the system. Such strategy
is repeated until the gradient of the total system converges to
a specific threshold. The optimizer allows to use two different
algorithms for each optimizer method. A memory-demanding
second-order algorithm, such as Newton-Raphson (NR) or ratio-
nal function optimization (RFO), is used to optimize the small
model system, at the QM level. On the other hand, a first-order
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algorithm, such as steepest descent or conjugate gradient opti-

mization, is applied to the real system at the MM level.

e Quadratically Coupled Method is a geometry optimization

scheme developed and implemented by Vreven et al.'3¢ in Gaus-

sian. The quadratically coupled ONIOM2(QM:MM) optimizer
includes an explicit Hessian coupling between the small model
system and the real system in the macroiteration steps (at the
QM level). Such approach reduces the expensive macroiteration
optimization, improves optimization stability, and facilitates to

converge to closer local minima.

In this thesis the Quadratically Coupled optimizer has been chosen
to perform the QM /MM calculations, including in the ONIOM2(QM:-
MM) model the electrostatic embedding scheme.

2.6 Molecular Dynamics Simulations

In terms of computational chemistry, as it is said in the literature,®!
Simulation refers to methods aimed at producing representative struc-
tures of a system at a finite temperature. Based on this concept there
exist two major techniques: Monte Carlo and Molecular Dynamics.
This thesis is focused on working with Molecular Dynamics simula-
tions for biomolecules.

Firstly, it must be recalled that the Born-Oppenheimer approxi-
mation have been assumed. So, a classical approach to describe the
movement of nuclei on a potential energy surface is called in this work
Molecular Dynamics (MD). Then, a MD simulation is a computational
time-dependent method which allows to study different dynamic fea-
tures of biological systems of up to millions of atoms, such as confor-

mational sampling. The first outbreak of MD was performed by Alder
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and Wainwright in 1957,'37 with the study of a condensed phase sys-
tem using a hard-sphere model.’3” It was not until the latest 70s when
the first simulation of a system of several hundreds of atoms, like an
entire protein in solution, was executed®® by McCammon, Gelin and
Karplus.

Simulations of huge biological systems with 50.000 - 100.000 atoms
is now routine, and even systems of 500.000 atoms are now commonly
simulated by MD if the appropriate computer facilities are available.
These improvements over the last years have been the consequence of
the use of High Performance Computing (HPC)!¥ and the MD algo-
rithms computed in parallel that have greatly speed-up the simula-
tions. In addition, the use of graphical processing units (GPUs)10142

has increased several folds the simulation time.

2.6.1 MD algorithm

The principle behind the MD algorithm is based on propagating in time
an initial set of coordinates and velocities (a trajectory) according to

Newton’s equations of motion as is shown in equation 2.28.

— . av d?r;
Ei(r7, ) = Tar miﬁ

where 7; and m; represent the position and the mass of atom 1,

(2.28)

respectively. The left-hand side represents the force upon an atom ]31»,
which is applied in a large system of N particles whose potential energy
is V. The most simple approach consist of calculating the potential en-
ergy surface by using the forcefield equation. However, the Newtonian
equations do not have an analytical solution. Under such situation the
equations are integrated using a finite difference method.

The principal idea is carried out the integration in many small

steps, being the force constant within in each time step. There exist
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many different algorithms for integrate the Newton’s equations, and
all of them approximate the positions and velocities of the system of
N atoms to Taylor series expansions.

The Verlet algorithm'*3 has been one of the most widely used me-
thods for numerically solving the Newtonian equations. However, the
algorithm has two main drawbacks: i) the new positions obtained lead
to truncation errors, and ii) the velocities do not appear explicitly in
the propagation equation, so preventing the generation of ensembles
at constant temperature. The leap-frog algorithm'* remedies the dis-
advantages of Verlet algorithm including the velocities explicitly and
improving the numerical accuracy. Even so, the positions and velocities
are not calculated at the same time. The velocity Verlet algorithm4®
solves this drawback of the leap-frog algorithm, being a combination
of Verlet algorithm and leap-frog algorithm.

In this thesis, the forcefield implemented in AMBER code have been
used to perform the Molecular Dynamics simulations with an internal

146
d,

module called pmem which employs the velocity Verlet algorithm.

2.6.2 Protocol for the MD simulations

It is important to emphasize that biological movements spend a very
wide time range. For instance, there exist very fast movements like
atomic fluctuations or very slow movements like protein folding. For
that reason, it is important to choose not only the correct time step,
but also the best simulation protocol with the corresponding restraints
or constraints to reproduce the experimental conditions.

In biomolecular simulations the fastest movements, as the C-H
bond vibrations, are not usually of great interest. For that reason, the
covalent bonds containing hydrogen are constrained by the SHAKE al-

gorithm!'47 to improve the MD calculation. In addition, some restraints
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may be applied to preserve the stability of the total system along the
simulation.

As regards to reproducing experimental conditions along the MD,
macroscopic magnitudes must be derived. However, for such appli-
cation to be possible the Ergodic Hypothesis must be assumed. This
hypothesis establishes that in an infinite simulation a system visits all
the accessible states. The most common experimental conditions simu-
lated by MD are at constant pressure or volume, and constant temper-
ature. Therefore, an NPT (isothermal-isobaric) and NVT (canonical)
ensemble can be described by MD, allowing to study some phenom-
ena of the system. To maintain constant T, there are two common

8

approaches: applying Langevin dynamics,'#® or an external heat bath

using Berendsen algorithm,'*® for instance.

2.6.3 Periodic Boundary Conditions

The Periodic Boundary Conditions (PBC) is a computational widely
used technique in MD simulations.'®® The PBC method assumes that
the solvent molecules are placed around a system inside a suitable box
(unit cell) with a cubic or rectangular geometry. In a unit cell at
normal density, some atoms will appear near to the external walls of
the box affecting to the simulated properties. For that reason, the box
is replicated in all directions, resulting in a quasi-periodic reproduction
of the system. This means that, if a molecule crosses the right wall
of the box, the corresponding image will appear through the left wall

from the neighboring box.
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Chapter

COX-2:AA

In this chapter, the aim is to show a global overview of the results
and discussion published in the articles that compose this thesis (at-
tached at the end of the thesis). In these articles, MD simulations
and QM /MM were combined: i) to reveal the molecular details of the
complete mechanism (Fig.1.6) involved in the conversion of the AA to
PGG; catalyzed by COX-2 (see article I); ii) to discard the 10-step
carbocation-based mechanism (Fig.1.7) proposed by Dean and Dean
(see article I); iii) to shed light on the molecular details of the ef-
fect of the Gly526Ser mutation (see article II), and iv) to understand
the formation of the main product of the AA oxidation catalyzed by
aspirin-acetylated COX-2 (see article III). Additionally, more detailed
results of the six-step all-radical mechanism study considering only the

Hi3pr05 abstraction is described in Appendix A.
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3.1 Insight into the all-radical mechanism

As mentioned in section 1.3.1 a general agreement exists about the
mechanism that governs the enzyme reaction in the COX active site:
the classical six-step all-radical mechanism. Nevertheless, most of its
molecular details still remain unknown. The reaction mechanism has
been studied by using MD to simulate feasible structures of the en-
zyme complex. However, it is not clear yet among of the scientific
community, if AA occupies the COX active site before or after Tyr385
is converted into its active radical form. For that reason, in this thesis
two 100 ns MD simulations of the productive AA binding to monomer
B of COX-2 have been carried out: one considering Tyr385, and the
other one considering the tyrosyl radical (from now on Tyr385-0°).
Both MD simulations have been performed following the methodology

described in the article I.

From both resulting MD simulations, the evolution of the distances
Hi3pros-OTyr385 and Hjspror-OTyr385 have been followed-up to study
the feasibility of the first step of the mechanism, see Figure 3.1. As
shown in this Figure, at the beginning of the MD trajectory, Hispros
is much closer to the oxygen acceptor than His,..r. However, this
tendency is reversed at the last 10 ns of the MD with Tyr385, and
in the range between 40-80 ns of the MD with the Tyr385-O°. This
unexpected tendency in the simulation with Tyr385 made us to carry
out an additional 50 ns simulation, in which it was not observed any
further significant variation. At this point, two unresolved questions
appear: Could a productive AA structure with Hys,,,r near the oxygen
acceptor be transformed by COX-2 into PGG,7, and Could the Hys,05
of AA be abstracted by COX-2 to produce PGGs,, as suggested by some

authors?!: 1517,
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Figure 3.1: Evolution of the Hys,.,5-OTyr385 (orange line) and the
Hi3500r-OTyr385 (purple line) distances along the two 100 ns MD simu-
lations. On top the evolution of these distances of the MD with Tyr385
is represented. On bottom the evolution of these distances of the MD
with Tyr385-O° is shown. A frame has been taken each 10 ps.
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In this thesis both questions were answered. This was accomplished
by the complete study of the all-radical mechanism based on the cal-
culation of the potential energy profile of each step using a QM /MM
approach. First of all, the His,,r abstraction is the first step, in
order to prove if the formation of PGG, is obtained following the all-
radical mechanism. For that reason, two pre-catalytic snapshots with
the Hispor ready to react have been taken from the MD simulation to
start the reaction. Secondly, the Higp.,s was also performed to com-
pare if the formation of PGG, follows the same trend in this case. The
study of six step of the mechanism, for both cases, reveals that AA un-
dergoes various distortions to form PGGs,, being its formation viable
inside the COX active site. These distortions involved different con-
formational changes that increase the rigidity of the substrate. This
rigidity especially increases when the successive cyclizations occur, see
Figure 3.2.

As seen in Figure 3.2, for both kind of abstractions, the first rele-
vant aspect of the regio/stereoselectivity is defined in the second step
of the mechanism by the entrance (antarafacial or suprafacial) of oxy-
gen at Cyq1, and the formation of the first intermediate. The molecular
analysis shows that the antarafacial entrance of oxygen at Cy; is cru-
cial to obtain the correct 11R stereochemistry (see Table A.2 in the
appendix for the Hysp05 results). Nevertheless, the corresponding po-
tential energy barriers of the suprafacial entrance are not always higher
than the antarafacial ones. For instance, the Oy addition at Ci; from
the abstraction of the His,0r is an example (see Table 2 of article I).
With regards to the two subsequent cyclization steps, the formation
of the endoperoxide bridge and the formation of the cyclopentane ring

are determinant steps to obtain the correct stereochemistry of PGGs.
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In this study on one hand, the correct stereochemistry of the en-
doperoxide bridge (9R, 11R) has been obtained from the oxygen an-
tarafacial attack initiated from Hisp.or as well as Hispog abstractions
(see Table A.3 for the Hysp o5 results).

On the other hand, the formation of two possible isomers as a result
of the 8,12-cyclization: the cis ring and the trans ring isomers have been
obtained by the oxygen antarafacial entrance from a H;s,,,r abstrac-
tion, being the trans the most favorable one, see article I. In contrast,
only the formation of the trans ring isomer has been directly obtained
by the oxygen antarafacial entrance from a His,.,g abstraction (see
Table A.4). Conversely, for both cases, the bicyclo endoperoxide in-
termediate and the subsequent PGG, are discarded for the oxygen
suprafacial entrance because the 8,12 cyclization leads to the breakage
of the O-O and the C1;-C;2 bonds (Fig.3.2).

The bicyclo endoperoxide trans ring isomer is the most favorable
according to our calculations, just as it has been observed experimen-
tally.®! However, our results show two possible environments around
the two isomers obtained for the 8,12-cyclization in the active site
of the COX-2. Interestingly, the bicyclo endoperoxide isomers (trans
and cis) are stabilized by completely different residues, see Figure 3.3.
This Figure clearly shows that the bicyclo endoperoxide trans isomer
is turned inside the cavity in such a way that the endoperoxide bridge
interacts with Leu352, Trp387 and Pheb18, and C;q is near Gly526
and Leu384. Otherwise, the bicyclo endoperoxide cis isomer adopts
another position, in which the endoperoxide bridge only interacts with
Val349, Tyr348 and Leu352, and C;g moves far away from Gly526, but
gets closer to Phe518.

Finally, the last two steps: the addition of O, to Cy5 starting from
the optimized C;3-Cy; allyl radical trans ring isomer, and the back

hydrogen transfer from Tyr385 to the peroxyl radical at Cy5; have been
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Figure 3.3: The residues of the reaction channel for the 8,12-
cyclization in COX-2. On top the environment of the bicyclo endoper-
oxide trans isomer is represented. On bottom the environment of the
bicyclo endoperoxide cis isomer is represented. The hydrogens of Cg
and Cy, are pictured to highlight the difference of trans and cis isomers.
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performed starting only from the Hys,.,r abstraction. Then, the for-
mation of the 15 hydroperoxide group is achieved by the combination
of both steps, being the potential energy barriers of the 15S stereo-
chemistry more favorable than the 15R one. Even though these two
steps have not been performed starting from the Hisy,s abstraction,
the optimized Cq3-Cy5 allyl radical trans ring isomer for both cases
presents the same arrangement, see Figure A.1. This fact probably
means that the 15S stereochemistry could also be more favorable than
the 15R one.

Finally, all these results indicate that there only exist one molecular
mechanism that COX-2 employs to catalytically control the regioselec-
tivity and stereoselectivity of the formation of the PGG,. This molec-
ular mechanism consists of the abstraction of H,,,s or Hy,,r (being the
former the most favorable), the antarafacial entrance of the oxygen at
Ci1, the subsequent formation of the (9R, 11R) endoperoxide bridge,
the formation of trans cyclopentane ring isomer, and the formation of

the 15S hydroperoxide group.

3.2 Carbocation-Based Mechanism

In contrast to the six-step all-radical mechanism, in this thesis also
the 10-step carbocation based mechanism has been studied, see article
I. As mentioned in the Introduction, the study of this mechanism is
needed because its validity has recently been proposed in spite of the
general agreement in the all-radical mechanism.

The obtained results are completely different to the all-radical mech-
anism ones. On one hand, the sigmatropic hydrogen transfer from
Cio to Cy3, giving a delocalized Cg—C;5 pentadienyl radical proposed

by Dean and Dean clearly discards the carbocation based mechanism
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within COX-2-cavity. The huge potential energy barrier calculated
within the enzyme in this step, brushes aside the possibility of the
rearrangement of AA that is involved in the hydrogen transfer from
Cio to Cqi3. On the other hand, the formation of 10,10-difluoro-11S-
hydroxyeicosatetraenoic acid instead of PGGs, is already explained by
the all-radical mechanism, the carbocation-based mechanism not being
needed.

All this demonstrates that the all-radical mechanism is the catalytic
mechanism to produce PGG, and the carbocation-based mechanism

can be clearly discarded.

3.3 Gly526Ser Mutation

As explained in section 3.1, the participant residues in the fourth step
of the all-radical mechanism are crucial to form the bicyclo endoper-
oxide trans ring isomer and the subsequent PGGs. For that reason,
the experimental results of the G526S COX-2 mutant have been of
great interest to this thesis, because although the first three reaction
steps of the COX-2 mechanism (Fig.1.6) and the G526S COX-2 mech-
anism (Fig.1.9) are the same, its in the 8,12-cyclization step that both
mechanism differ.

Schneider et al.% proposed that the 8,12-cyclization in the G526S
mutant is sterically hindered by misalignment of the substrate carbon
chain. This proposal is not compatible with the position of the 9,11-
endoperoxide intermediate obtained from our calculations in the all-
radical mechanism inside COX-2. Therefore, in this thesis a theoretical
study is performed to shed light on the molecular details of the effect
of such mutation. These calculations will provide more information of

the protein residues that make easier the 8,12-cyclization in the active
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site of the COX-2, see article II.

First of all, the G526S mutation is performed. Then, the equilibra-
tion of the new Ser526 residue inside the enzyme is achieved by an MD
simulation. Surprisingly, at the end of the equilibration a hydrogen
bond between the OH group of Ser526 and the oxygen atom of the
backbone of Met522 is formed. This reveals the first conformational
difference between the active site of the COX-2 and the G526S COX-2
mutant.

Thereafter, the reaction mechanism has been studied by performing
first a 100 ns MD in order to simulate feasible structures to initiate the
reaction. From the MD simulation it is observed that inside the G526S
binding pocket AA adopts the same "L-shaped" productive binding
configuration, just as in COX-2. This configuration presents the Ci3
carbon atom and the Hys,.05 atom near the phenolic oxygen of Tyr385.
Therefore, from the resulting MD simulation only the evolution of the
distance Hi3p,,5-OTyr385 has been followed-up to study the feasibility
of the first step of the mechanism. Then, one pre-catalytic snapshot
has been selected from the MD simulation to study the mechanism of
the G526S COX-2 mutant (Fig.1.9) by the calculation of the potential
energy profile of each step using a QM /MM approach.

As expected, the study of each step reveals that AA undergoes
through the first three reaction steps, leading to the Cg-radical cyclic
endoperoxide intermediate, just as in COX-2, see Figure 3.4. However,
our calculations shown that the regioselectiviy of the 9,11-endoperoxide
intermediate inside the mutant can not be the (9R, 11R) configuration,
as the COX-2 does. This fact is an important difference between both
mechanisms, due to the fact that the bicyclo endoperoxide intermediate
is not able to form, so confirming the experimental finding by Schneider
et al.®0. Instead of the formation of the cyclopentane ring, a hydrogen
transfer from Ci; to Cg, followed by the breakage of the O—-O bond
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occurred, leading to the formation of a ketone group in C;; and a
radical centered at the Cy. In fact, the homolytic cleavage of the O-O
bond actually leads to the formation of 8,9-11,12-diepoxy derivatives
of the arachidonic acid, confirming again the experimental results.%

Finally, all these results show two important conclusions: i) the
Ty385, Leu352, Tyr348 and Pheb18 residues are crucial to control the
regio/stereoselectivity of the two cyclization steps, and ii) the orien-
tation of rotamers of the a-helix D (from 521 to 535 residues), for
instance, Ser530, Gly526, and Met522, are also crucial to control the
rigidity of the a-helix D influencing the 8,12-cyclization.

3.4 Molecular Details of the Inhibition by
Aspirin

Considering that the reaction mechanism for the formation of PGGy
in COX-2 is already well-known by the study exposed in section 3.1,
the reaction mechanism of the NSAIDs, like Aspirin, becomes the new
focus of interest for this thesis. The important facts for this study
are focused on, after irreversible acetylation of Ser530, how aspirin in-
hibits the formation of PGGy by catalyzing the synthesis of the major
product, 15R-HETE. Until now the total inhibition of prostaglandins
was widely accepted. However, as mentioned in section 1.5.1.1, re-
cent experimental results™ of Giménez-Bastida et al. have shown that
aspirin-acetylated COX-2 (from now on acetylated COX-2) is able to
form PGE, as a minor product. These results drew our attention es-
pecially because it was not know how acetylated COX-2 still retains
COX-activity.

Therefore, in this thesis the study of the all-radical mechanism

inside the acetylated COX-2 is carried out, to analyze not only the
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formation of 15R-HETE, but also to give a clear explanation of the
role of the acetyl-Ser530 group in the formation of the small amount
of PGEs,, see article III.

First of all, the acetylation of Ser530 is performed. Then, different
feasible structures of AA within acetylated COX-2 active site have been
simulated by a 100 ns MD simulation. Then, the resulting MD shows
two important facts: i) reactive AA structures with Hys,r0s and Higpror
near the oxygen acceptor atom of Tyr385 are observed, and ii) non "L-
shaped" structures of AA are obtained due to the steric hindrance of
different rotamers of the acetyl-Ser530 group. For that reason, four pre-
catalytic snapshots corresponding to different rotamers of the acetyl-
Ser530 group are selected to study the reaction mechanism by the
calculation of the potential energy profile of each step using a QM /MM
approach. Furthermore, for each pre-catalytic snapshot the reaction
mechanism has been studied for the abstraction of Hyzpr0s and Higpror.

To understand these results an accurate analysis of the all pos-
sible reactions steps is performed, see Figure 3.5. As expected, the
results reveal two important features of the role of acetylated-Ser530
residue within COX-2. On one hand, the formation of the AA 15R
peroxyl radical is more favorable than the AA 15S peroxyl radical.
In addition, the formation of the AA 15R peroxyl radical is obtained
by the abstraction of Hispos and Hisyor, and it can either occur by
antarafacial or suprafacial O, attack, depending on the orientation
of the acetyl-Ser530 group in each case. On the other hand, the small
amount of PGE, is only viable with one orientation of the acetyl-Ser530
group, following the all-radical mechanism initiated by the abstraction
of Hizpros-

After the corresponding hydrogen abstraction from AA by the Tyr-
385-0°, the formation of the delocalized C;—C;5 pentadienyl radical
allows the Oy attack not only to Cis, but also to Cq;. Following the



Ser530

Figure 3.5: Scheme of all reaction steps studied initiated by the abstraction of His,ros and Hispror
within acetylated COX-2. Steps 1 to 4 are the same as in the all-radical mechanism. Steps 9 and 10
correspond to the formation of the major product (15-HpETE).
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steps of the all-radical mechanism (Fig.3.5), like in the case of Cy5, we
have shown that the way how Os attacks at Cq; (second step) depends
on the particular conformation of the delocalized C;;—C;5 pentadienyl
radical in each snapshot, and then it is influenced by the orientation
of the acetyl-Ser530 group. The lower potential energy barriers clearly
correspond to antarafacial attacks of O,, leading to either R or S stere-
ochemistry.

The formation of the Cg-radical cyclic endoperoxides (third step)
behaves differently, depending on the acetyl rotamer. All the pathways
studied allow the formation of the Cg-radical cyclic endoperoxides, with
a considerable dispersion of potential energy barriers. Only in some
cases (6 out of 21), the right (9R, 11R) endoperoxide bridge corre-
sponding to a prostaglandin H, is formed, as it happens inside COX-2.
The intermediates (9S, 11R) and (9R, 11S) endoperoxides turn out to
be unable to produce the 8,12-cyclization to yield the bicyclo endoper-
oxide (fourth step). We have shown that both the intermediates (9R,
11R) and (9S, 11S) endoperoxides do produce the new Cg—Cj5 bond,
giving a ring of five carbon atoms and a C;3-Cy5 allyl radical. Thus,
acetylated COX-2 is really able to structurally catalyze the forma-
tion of the (9R, 11R) bicyclo endoperoxide driving the transformation
of AA along the all-radical mechanism with potential energy barriers
quite similar to many other enzymatic reactions.

The products obtained after the 8 12-cyclization for the snapshots
with initial abstraction of His,,0s are bicyclo endoperoxides containing
a trans configuration of their side chains relative to the cyclopentane
ring, as corresponds to the natural prostaglandins stereoespecifically
synthesized by COX-2. Conversely, the snapshots with initial abstrac-
tion of Hys,ror lead to bicyclo endoperoxides with a cis configuration,
which would yield the cis isoprostane 15-Hg;-IsoP. In comparison with

the COX-2, the bicyclo endoperoxide trans isomer is again stabilized
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Figure 3.6: The residues of the reaction channel for the 8,12-
cyclization in the acetylated COX-2. On top the environment of the
bicyclo endoperoxide trans isomer is represented. On bottom the en-
vironment of the bicyclo endoperoxide cis isomer is represented. The
hydrogens of Cg and Ci5 are pictured to highlight the difference of
trans and cis isomers.
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by the same residues, while the cis isomer is stabilized by completely
different residues, see Figure 3.6. This Figure clearly shows that the
bicyclo endoperoxide trans isomer is surrounded by Leu352, Trp387
and Phe518, while the bicyclo endoperoxide cis isomer is surrounded
by Trp387, Phe518 and Tyr385. The position of the Cyy atom of the
bicyclo endoperoxide of both is located again near Gly526 and Leu384.

Comparing the potential energy barriers involved in the production
of the different possible products, it can be seen that the synthesis of
15R-HpETE (then reduced to the main product 15R-HETE) is kineti-
cally dominant in the oxidation of AA catalyzed by acetylated COX-2.
A small amount of (9R, 11R) bicyclo endoperoxide can also be formed,
leading to PGHj, and so explaining the formation of PGE, as a minor

1.79. However, the synthe-

product detected by Giménez-Bastida et a.
sis of isoprostanes is not actually achieved because it is very far from

being kinetically competitive with the formation of the 15R-HETE.
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Appendix A

Radical Mechanism from HproS

In this appendix the results of the all-radical mechanism starting from
Hispr0s abstraction are reported. It is important to highlight that these
results were obtained with the same methodology described in article
L.

A.1 QM/MM calculations

One pre-catalytic snapshot with Hys,.or ready to react is selected to
study the Hisp.os abstraction. The results will be compared with the
ones obtained for the His,,r abstraction. To initiate the analysis of
the all-radical mechanism, the potential energy barriers of each step
have been calculated by using the QM /MM method.

In the first step, the potential energy profile has been built as a
function of the difference between the distances corresponding to the
breaking bond (Cy3-Hispres) and the forming bond (Hysp05—OTyr385).
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The distances relative to the three atoms that directly participate in
the breaking/forming bonds for the reactant, transition state structure

and product, along with the potential energy barrier are given in Table
Al

Table A.1: Distances (A) relative to the three atoms that directly
participate in the breaking/forming bonds for the reactants, transition
state structures and products, along with the potential energy barrier
(kcal/mol) corresponding to the Hispos abstraction from AA by the
tyrosyl radical for the pre-catalytic snapshot. C, H and O stands,
respectively, for Ci3, Hizpros and O of tyrosyl radical. R, TS and P
stand, respectively, for reactant, transition state and product.

R TS P

d(C-H) 1.09 131 253

d(H-0) 238 129 097

d(C-0) 337 254 335
AE? 17.2

In the second step, different possible starting positions of the oxy-
gen molecule have been chosen, taking Cq; as the origin of coordinates.
In all, 53 initial positions of the oxygen molecule have been considered.
Then, QM /MM single point energy calculations have been carried out
for the 53 positions and the higher energy structures have been dis-
carded. The most stable structures have been optimized and taken
as starting points to build the potential energy profile, with the dis-
tance of the forming bond (Oy—-Cy;) as the reaction coordinate. All the
pathways that have been able to reach the products are given in Table

A2
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Table A.2: Optimized reactant distances Oo—Cyq (A) and poten-
tial energy barriers (kcal/mol) associated to the attacks of the oxygen
molecule at Cy; that have been able to reach the peroxyl radical, along
with the stereochemistry at C;; of the peroxyl radical formed. I, II
and IIT represent the O, attacks that have been able to reach the final
product. Antara and Supra stands for antarafacial and suprafacial O,
attack, respectively.

I 11 111
d(02—Ci1) opt 2.67 4.40 3.79
O, attack Antara Supra Antara
Stereochemistry Ci; R S R
AE? 0.0 8.8 5.1

In the third step, all the peroxyl radicals formed corresponding to
the antarafacial addition and the suprafacial addition have been taken
to follow the formation of the Cg-radical cyclic endoperoxide by means
of a 9,11-cyclization step. The potential energy barriers for this first
cyclization, with the distance O—Cgy optimized are given in Table A.3,

being this distance the reaction coordinate of the 9,11-cyclization step.

Table A.3: Optimized reactant distances (A) from the free oxygen
of the peroxyl radicals to Cy; (I to III) and potential energy barriers
(kcal/mol) associated to the 9,11-cyclization to form the Cs-radical
cyclic endoperoxide along with their corresponding stereochemistry for
Cq1 and Cy at the endoperoxide bridge.

I IT 111
d(O—Cy) o 4.29 3.17 3.99
O, attack Antara Supra Antara
Stereochemistry Ci; R S R
Stereochemistry Cq R R R
AE? 18.2 16.2 28.5




86 Radical Mechanism from HproS

In the fourth step, all the Cs-radical cyclic endoperoxide intermedi-
ates formed have been taken to follow the formation of the bicyclo en-
doperoxide with a C;3—Ci5 allyl radical by means of a 8,12-cyclization
step. The potential energy barriers for this second cyclization, with the
distance Cg—C1y optimized are given in Table A.4, being this distance

the reaction coordinate of the 8,12-cyclization step.

Table A.4: Optimized reactant distances (A) (I to III) and potential
energy barriers (kcal/mol) associated to the 8,12-cyclization to form
a bicyclo endoperoxide with a Cq3-Cy5 allyl radical along with their
corresponding stereochemistry for the cyclopentane ring.

I II 111
d(Cs—C12) opt 4.66 Not formed 4.54
O, attack Antara Supra Antara

Cyclopentane ring | Trans Broken structure Trans
AE? 12.8 - 12.5

It has to be remarked that only the (9R, 11R) endoperoxide bridges
are able to undergo the 8-12 cyclization to form the byciclo endoper-
oxides, and that just the trans ring isomers are obtained.

Finally, for lack of time, the two subsequent steps have not been
calculated. However, the formed bicyclo endoperoxide with a Ci3—
Cy5 allyl radical presents the same arrangement, just as the trans ring

isomer obtained from Hys,.,r abstraction, see Figure A.1.
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Figure A.1: Conformational arrangement of both bicyclo endoperox-
ides with a Cy3-C;5 allyl radical formed from the Hys,.05 and Hispror
abstractions. In blue, the bicyclo endoperoxide from the Hisp o ab-
straction is represented. In tan, the trans ring isomer of the bicyclo
endoperoxide from the His,.,r abstraction is represented.






Chapter I

COX-2:EPA

First of all in this chapter the molecular details of the first step of
the all-radical mechanism, involved in the conversion of the EPA to
PGG; catalyzed by COX-2, are reported. Secondly, the first theoreti-
cal study of the first part of the biosynthesis of Resolvin E1(RvE1) and
E2 (RvE2) catalyzed by acetylated COX-2 is introduced. This work
has been performed with the collaboration of the Computational Bio-
chemistry group at the University of Porto. The article is still being

written.

4.1 Introduction

As mentioned in section 1.1.4, the 3-series PGs present less inflam-
matory effects than the 2-series PGs,?> 2% and follow the same cat-
alytic mechanism (Fig.1.6). In this case, the catalytic mechanism starts
with the conversion of EPA to PGGj; catalyzed by COX-2, and pro-
duces as well three secondary products: 11-hydroxyeicosapentaenoic
(11-HEPE), 15-hydroxyeicosapentaenoic (15-HEPE) and 14-hydroxy-
eicosapentaenoic (14-HEPE) acids.™
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However, the major contribution of EPA to inflammation processes
is being precursor of the formation of Specialized Pro-resolving Media-
tors (SPMs), such as resolvins and protectins.*® These lipid mediators
present the active capacity to clear inflammation and promote tissue
homeostasis.'® 1> Surprisingly, Serhan et al.?? have demonstrated that
the inhibition of COX-2 by aspirin with a later presence of EPA is
crucial for the biosynthesis of two types of resolvins, namely E-series
resolvins (RvE1 and RvE2).15% 153

Considering the experimental results,'s% 153

scientists know that
the E-series resolvin biosynthesis starts with the conversion of EPA to
18-hydroxyeicosapentaenoic acid (18-HEPE) catalyzed by acetylated
COX-2, followed by 5-LOX catalysis to obtain RvE2, or followed by
5-LOX and LTA, hydrolase (LTA4H) catalysis to obtain RvEL (see
Figure 4.1). In absence of aspirin COX-2 seems unable to produce
18-HEPE.™ 152

The experimental results also suggested that aspirin might promote
18R-HEPE production as well as 18S-HEPE from ingested EPA.'*3 The
18R-HEPE and 18S-HEPE intermediates were also identified as the
main precursors of the formation of two different resolvins: RvE1/E2
and 18S-Resolvin E1/E2, respectively (Fig.4.1).

However, the way how acetylated COX-2 manages to produce both
18R/S-HEPE is still unknown for scientists. For that reason, in this
work MD simulations and QM /MM calculations were combined: i) to
reveal the molecular details of the first step of the all-radical mecha-
nism for EPA in COX-2, and ii) to shed light on the molecular details
of the mechanism involved in the conversion of EPA to 18-HEPE by
acetylated COX-2.
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4.2 Methodology

To perform the first study, the enzyme was built based on the murine
COX-2:EPA complex (PDB code 3HS6)!, in which the protoporphyrin
IX group is complexed to a Co*t and the homodimer presents EPA
interacting in different conformations in each monomer. The, Co®"
was replaced by Fe3T, and the heme prosthetic group was tethered to
the axial histidine ligand (His388) in order to prevent the dissocia-
tion from the complex during the simulation. As in crystallographic
structure of COX-2:AA, only the monomer B exhibits the productive
configuration in the cyclooxygenase channel, so this monomer was also

used for this work. The heme group and the tyrosyl radical were pa-
rameterized as explained in article I. The AMBER ff14SB force field
154 was employed to define the protein residues, and the missing hy-
drogen atoms were added using the leap module of AMBER14!%5. The
total system was solvated in an almost cubic box of TIP3P!® water
molecules. Then, the resulting system was minimized and two MD
simulations (see section 4.3.1) were performed under periodic bound-
ary conditions using the same protocol as explained in article I. Finally,
representative snapshots of the MD simulations were used to perform
the QM /MM calculations of the hydrogen abstraction (first step) of
the all-radical mechanism. The QM /MM calculations were performed
using ONIOM2(QM:MM), in which the density functional B3LYP and
the 6-31G(d,p) basis set were used for the QM method, and the inter-
action between regions was treated with the electrostatic embedding

scheme.

To perform the second study, the acetylated COX-2:EPA Michaelis
complex was built based on monomer B of the acetylated COX-2:AA
complex used in article III, replacing AA by EPA. The same force-

field was employed, and the total system was again solvated in an al-
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most cubic box of TIP3P water molecules. Then, the resulting system
was minimized and one MD simulation was performed under periodic
boundary conditions applying the same protocol as explained in article
I. Finally, representative snapshots of the MD simulation were used to
perform the QM /MM calculations of each step of the 18-HEPE forma-
tion. The QM/MM calculations were performed in the same manner

as explained in the previous paragraph.

4.3 Results and Discussion

4.3.1 MD simulations for COX-2:EPA

As explained in section 1.3.1, EPA follows the same catalytic mecha-
nism as AA has within COX-2. For that reason, just as for COX-2:AA,
two 100 ns MD simulations of COX-2:EPA have been carried out, one
containing Tyr385 and the other with Tyr385-O°.

First of all, the protein stability in both MD simulations has been
checked by the root mean-square deviation (RMSD), see Figure 4.2.
As seen in this Figure the protein in both MD simulations is quite
equilibrated, when the N-terminal is not considered. Secondly, only
the feasibility of the hydrogen abstraction (first step) of the all-radical
mechanism has been studied in the first part of this work.

Considering that COX-2:EPA produces PGG3 as a major product,
and 11-HEPE, 15-HEPE and 14-HEPE as secondary products, the hy-
drogen abstraction could be at Cq3 as well as C14. Thus, the evolution
of the Hz,0x-OTyr385 and Hyz,,x-OTyr385 distances along both MD
simulations has been followed, being Z the number of the carbon atom,

13 or 16, and X refers to the hydrogen proS or proR, see Figure 4.3.
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Figure 4.2: RMSD of the protein a-carbons (purple line) and the
RMSD excluding the residues of the N-terminal domain (green line).
The RMSD is referenced to the first structure of the 100 ns MD simu-
lation of EPA including Tyr385 of monomer B of COX-2. On the right
the RMSD with Tyr385-O¢° is shown, and on the left the RMSD with
Tyr385 is represented. A frame has been taken each 10 ps.

As shown in Figure 4.3 in both MD simulations there are more
snapshots with Hjg,or closer to the oxygen acceptor than Higpros-
Moreover, in the MD simulation with Tyr385-O® there are more snap-
shots with Higpror closer to the oxygen acceptor than in the MD sim-
ulation with Tyr385. As for Cy3 in both MD simulations the Hjs,0r
is generally closer to the oxygen acceptor than the Hisp.s. Neverthe-
less, it is not clear if the enzyme prefers to abstract a hydrogen from
Ci3 or Cyg. For that reason, one structure each 10 ps along both 100
ns MD simulations has been taken. Then, according to the conditions
d(Hprox-OTyr385) < 3 A and d(H,,ox-OTyr385) < d(Cz-OTyr3s5),
the MD snapshots have been filtered, in order to select the more ade-
quate structures to initiate the all-radical mechanism, see Table 4.1.

Finally, this last selection clearly shows that when the enzyme in-
cludes the Tyr385-0O°, not only the number of reactive structures in-

creases but also Hjs,or is the most potentially reactive hydrogen.
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Figure 4.3: Evolution of the His,,,x-OTyr385 and Higprox-OTyr385
distances along both 100 ns MD simulations. On the right side, these
distances for the MD simulation with Tyr385-O® are represented. On
the left side, the same distances for the MD simulation with Tyr385

are shown.

Table 4.1: The total number of the feasible reactive structures to
initiate the all-radical mechanism by the abstraction of a hydrogen at
Cy3 of EPA, and at Cy4 of EPA. The selection is performed along the
100 ns MD simulations taking one structure each 10 ps and filtering
them according to the conditions explained in the text.

Reactive Structures
100 ns MD H13proR H13proS H16proR HlﬁproS
Tyr385-OH 2580 192 163 0
Tyr385-0° 3252 123 1677 694
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Table 4.2: Initial distances (A) of the atoms involved in the hydrogen
abstraction (first step) of the all-radical mechanism.

HprroR HlﬁproR
Snapshots | d(H-O) d(C-O) | Snapshots | d(H-O) d(C-0O)
I 2.51 3.53 A\ 2.34 3.34
IT 2.45 3.50 IT 2.85 3.66
III 2.95 3.87 VI 2.36 2.88
v 2.65 3.56 VII 2.45 3.88

At this point, to facilitate the analysis of the binding modes, only
the reactive structures of the simulation with Tyr385-O® have been con-
sidered. On one hand, from 3252 reactive structures with the Hispror
near the oxygen acceptor, four structures (snapshots I to IV) have
been selected randomly. On the other hand, from 1677 structures with
the Hygpror near the oxygen acceptor, three structures (snapshots V to

VII) have been selected randomly.

4.3.2 QM/MM calculations of COX-2:EPA

To initiate the analysis, all these snapshots have been selected as start-
ing points to perform the QM/MM calculations of the hydrogen ab-
straction step. The initial distances of the atoms involved in the hydro-
gen abstraction step are presented in the Table 4.2, confirming that all
the snapshots present d(Hz,,,r-OTyr385) < d(Cz-OTyr385). It is im-
portant to highlight that snapshot II is the same for both abstractions,
because the Hy3,0or and Hjgpror are both near the oxygen acceptor.
For each snapshot the distance d(Hz,.or-OTyr385) have been taken
to define the reaction coordinate of the H-abstraction step. Then, in
Table 4.3 only the potential energy barriers of the potential energy

profiles reaching the products are reported.
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Table 4.3: Potential energy barriers (kcal/mol) corresponding to the
hydrogen abstractions for snapshots with Hyz,,.,r that have been able
to reach the products.

His,0r
Snapshots AE?
I 25.0
IT 26.9
IV 22.3
Hiepror
Snapshots AE?
\% 29.1
IT 31.9

As seen in Table 4.3, the potential energy barrier of the snapshot 11
with Higpror is lower than the barrier of the snapshot II with Higpror,
being the former more reactive. With respect to the rest of snapshots
the same tendency is also observed. Then, these results could explain
the formation of 11-HEPE and 15-HEPE instead of 18-HEPE products

as obtained experimentally. 152

4.3.3 MD simulations for acetylated COX-2:EPA

In the second part of this work, a 100 ns MD simulation of monomer
B of acetylated COX-2 with the Tyr385-O® and EPA has been carried
out. Then, the protein stability along the simulation has been checked
by the root mean-square deviation (RMSD), see Figure 4.4. As seen
in Figure 4.4 the protein is quite equilibrated when the N-terminal is

not considered.
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Figure 4.4: RMSD of the protein a-carbons (purple line) and the
RMSD excluding the residues of the N-terminal domain (green line).
The RMSD is referenced to the first structure of the 100 ns MD simula-
tion of EPA including Tyr385-O° of monomer B of acetylated COX-2.
A frame has been taken each 10 ps.

As explained in section 4.1, 18-HEPE within acetylated COX-2
has been considered the principal product. This product could only be
obtained by the abstraction of a hydrogen at Ci4 of EPA.

However, considering the results of COX-2:EPA, the abstraction
of a hydrogen at Cy3 of EPA has also been studied. For that reason,
in the second part of this work, not only the feasibility of the hydro-
gen abstraction (first step) of the all-radical mechanism, but also the
possible formation of 18R/S-HEPE have been studied.

The evolution of the Hyz,,x-OTyr385 and Hyz,ox-OTyr385 dis-
tances along the MD simulation has been followed, see Figure 4.5.
As shown in this Figure along the 100 ns the Hz,,,s at both carbon
atoms seems somewhat closer to the oxygen acceptor of Tyr385 than
the Hz,or. However, it is not clear how many structures are feasible
to react. For that reason, one structure each 10 ps along the 100 ns

MD trajectory has been taken.
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Figure 4.5: Evolution of the Hi3p,,x-OTyr385 and Higprox-OTyr385
distances along the 100 ns MD simulation. On the right side, the
distances Higprox-OTyr385 along simulation are represented. On the
left side, the distances Hzprox-OTyr385 along simulation are shown.

Table 4.4: The total number of the feasible reactive structures to
initiate the abstraction of a hydrogen at C;3 of EPA and at Ci4 of EPA.
The selection is performed along the 100 ns MD simulation taking one
structure each 10 ps and filtering them according to the conditions
explained in the text.

Reactive Structures
100 ns MD HlSproR H13proS H16proR HlﬁproS
Tyr385-0O° 3497 3830 1552 1954

Then, according to the reactive conditions of the hydrogen ab-
straction d(Hz,.x-OTyr385) < 3 A and d(Hzpox-OTyr385) < d(Cyz-
OTyr385), the MD snapshots have been filtered, see Table 4.4.

As expected, Table 4.4 shows that there are more reactive struc-
tures with Hy,,,s at both carbon atoms closer to the oxygen acceptor
of Tyr385 than with Hyz,.,z. Consequently, in order to facilitate the
analysis of the binding modes, only the reactive structures with Hyzp.0s
and Hygpros Will be used to perform the clustering. To start this clus-
tering analysis, 5 clusters of acetylated-Ser530 have been obtained.

Next, some snapshots were selected mapping the reactive structures
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of Hzpros with the acetylated-Ser530 clusters, extracting the centroide
snapshot of the first and second cluster, respectively.

Then, on one hand, from the 3830 reactive structures of Hysp0g, the
centroide structures are called snapshot I and II. On the other hand,
from the 1954 reactive structures of Hjgprog, the centroide structures
are called snaphsot V and VI. Furthermore, two snapshots with both
hydrogens at C;3 near the oxygen acceptor have been mapped with
the first cluster of the acetylated-Ser530 (called snapshot III and IV).
Finally, two more snapshots with Hygpros near Tyr385-O® have been
selected randomly from the resulting mapping of the reactive struc-
tures of Hygpros with the first cluster of the acetylated-Ser530 (called
snapshot VII and VIII).

4.3.4 QM/MM calculations for acetylated COX-
2:EPA

To initiate the analysis, these snapshots have been selected as starting
point to perform the QM /MM calculations of the hydrogen abstrac-
tion step. It is important to highlight that snapshot V also presents
Hispros near Tyr385-0O°, so such hydrogen is also chosen to study the
first step of the mechanism. On the other hand, although snapshot II
presents Hjgpros far from Tyr385-O° (Table 4.5), after an optimiza-
tion the d(Hiepros-OTyr385) distance becomes to 2.44 A, so such hy-
drogen is also chosen to be abstracted. The initial distances of the
atoms involved in the hydrogen abstraction step are presented in Ta-
ble 4.5, confirming that all snapshots present d(Hzpr,s-OTyr385) <
d(Cz-OTyr385).

Continuing with the analysis, each snapshot is taken to build the
hydrogen abstraction potential energy profile, considering the distance

d(Hzpros-OTyr385) as the reaction coordinate.
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Table 4.5: The initial distances of the atoms involved in the hydrogen
abstraction (first step) of the all-radical mechanism.

H13proS H16proS
Snapshots | d(H-O) d(C-0O) | Snapshots | d(H-O) d(C-0O)
I 2.82 3.81 A% 2.86 3.49
I1 2.92 3.85 IT 3.31 2.86
III 2.73 3.33 VI 2.79 3.79
IV 2.60 3.25 VII 2.49 3.33
Vv 2.65 3.73 VIII 2.25 2.87

In Table 4.6 only the successful profiles are reported. As seen in Ta-
ble 4.6, the potential energy barriers of snapshots II and V for His,r0s

and Hygpros abstractions show the expected tendency.

Table 4.6: Potential energy barriers (kcal/mol) corresponding to the
Hispros or Higpros abstractions that have been able to reach the prod-
ucts.

Hispros
Snapshots AE?
1 27.7
11 27.5
I11 27.4
IV 27.0
A% 24.3
Hiepros
Snapshots AE?
A% 20.4
11 26.6
VI 26.9
VII 24.6
VIII 25.7
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The barrier of the abstraction of Higpros is lower than the one of
Hispror, being in this case the former more reactive. With respect
to the rest snapshots the same tendency is also observed. Then, these
results could explain that 18-HEPE appears as a consequence of acety-
lation of COX-2 by aspirin.

How the acetylated COX-2 manages to form 18R-HEPE and 18S-

153 remains still unclear. To understand

HEPE obtained experimentally
these experimental results, the oxygen addition (second step) has been
studied, taking the optimized products of the snapshots VII and VIII
as starting points. The optimized products of the first step are EPA
radicals delocalized over the C14,—Cig pentadienyl system, in which the
radical can be localized at Cy4 or Cig when the oxygen molecule is
added. For that reason, the oxygen addition is studied at Cy4 only for
the snapshot VII, and at C;g with the snapshots VII and VIII, see the
scheme in Figure 4.6 to follow the resulting products.

To study the second step, different possible starting positions of the
oxygen molecule have been chosen to add an oxygen molecule at Cy4 or
Cis. The placing of these starting oxygen molecules follows the same
methodology explained in the three articles, resulting in 53 initial posi-
tions of the oxygen molecule for each snapshot. Then, QM /MM single
points energy calculations have been carried out for the 53 positions
and the higher energy structures have been discarded. Next, the most
stable structures have been optimized and taken as starting points to
build the reaction path for the oxygen addition to Cy4 or Cig, being
the corresponding O—C distance the reaction coordinate.

The potential energy barriers obtained for all the pathways that
have been able to reach the products for the corresponding snapshots
in both additions are given in Tables 4.7 and 4.8. It is important
to emphasize that the oxygen attack to both carbon atoms could be

antarafacial (that is, the O approaches to the pentadienyl group by the
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face opposite to Tyr385) or suprafacial (by the same side of Tyr385).

Table 4.7: Potential energy barriers (kcal/mol) corresponding to the
O, addition to Cy4 for all the pathways that have been able to reach the
products for snapshot VII. Antara and Supra stands for antarafacial
and suprafacial Oq attack, respectively.

Snapshot O, attack | Stereochemisry Cy; | AE!
Antara R 15.9

Antara R 114

VII Antara R 11.0
Antara R 13.1

Supra S 15.4

Antara R 11.3

Table 4.8: Potential energy barriers (kcal/mol) corresponding to the
O, addition to Cig for all the pathways that have been able to reach
the products for snapshot VII and VIII. Antara and Supra stands for
antarafacial and suprafacial O, attack, respectively.

Snapshots O, attack Stereochemisry C;5 | AE?
Supra R 1.0

Antara S 6.7

VII Non Antara/Supra R 4.1
Non Antara/Supra R 4.2

Non Antara/Supra R 4.0

Antara S 7.0

VIII Supra R 2.6
Supra R 2.1

Antara S 0.7
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Figure 4.7: EPA delocalized C14,—C;g pentadienyl radical conforma-
tions formed inside the hydrophobic groove of the acetylated COX-2
after hydrogen abstraction of Higpos. Snapshot VII is represented in
blue, and Snapshot VIII in green.

On one hand, the results show that the Oy addition to Cq4 does not
appear to be possible, neither by antarafacial nor suprafacial attack,
due to the corresponding too high potential energy barriers (Table 4.7).
On the other hand, the O, addition to C;g for both snapshots, VII and
VIII, following the antarafacial and the suprafacial attack appear to
be possible, forming the 18S-peroxy-eicosapentaenoic (18S-pEPE) and
18R~peroxy-eicosapentaenoic (18R-pEPE) acid radical intermediates,
respectively.

In agreement with the experimental results,'®% 53 Table 4.8 shows
that the potential energy barriers of both products are favorable, being

different in each snapshot due to the conformations of the delocalized
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g

Figure 4.8: Formation of the 18R-pEPE and 18S-pEPE radical in-
termediates of snapshot VIII. On top, the formation of the 18R-pEPE
from a suprafacial oxygen addition. On bottom, the formation of the
18S-pEPE from an antarafacial oxygen addition.

C14—Cyg pentadienyl radical adopted after the H-abstraction, see Fig-
ure 4.7, just as inside the acetylated COX-2:AA.

Finally a molecular analysis has been carried out, see Figure 4.8.
Snapshot VIII is selected to check which residues stabilized the 18R-
pEPE and 18S-pEPE radical intermediates. Figure 4.8 reveals that
18R-pEPE in the suprafacial side is surrounded by Tyr385, Tyr348,
Phe209 and Phe205, while the 18S-pEPE in the antarafacial side is
surrounded by Serb530, Leu534, Val344, Val349.
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Chapter

General Conclusions

COX-2 is one of the two main human enzymes responsible for inflam-
mation processes. COX-2 transforms AA to lipid pro-inflammatory
mediators, such as prostaglandins. In this sense, COX-2 is consid-
ered an important pharmacological target of the nonsteroidal anti-
inflammatory drugs (NSAIDs), such as aspirin. Furthermore, COX-2
participates in the biosynthesis of lipid pro-resolving mediators, such
as resolvins. Nevertheless, most of the molecular details of the cat-
alytic mechanism and inhibition by aspirin remain unknown. In this
thesis, the acquired results contribute to understand these molecular
insights. The conclusions of these results are exposed as follow.

First of all, the biosynthesis of prostaglandin results confirm that
the six-step all-radical mechanism is the mechanism that governs the
conversion of AA to PGGs by COX-2, dismissing the 10-step carbocat-
ion-based mechanism proposed by Dean and Dean. These results also
reveal that there only exists one molecular mechanism that COX-2 em-
ploys to catalytically control the regioselectivity and stereoselectivity
of PGG4 formation.
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This molecular mechanism consists of the abstraction of H,,,s or
H,.or (being the former the most favorable), the antarafacial entrance
of the oxygen at Ci;, the subsequent formation of the (9R, 11R) en-
doperoxide bridge, the formation of trans cyclopentane ring isomer,
and the formation of the 15S hydroperoxide group.

Secondly, the mutagenesis analysis results confirm that PGGy syn-
thesis inside Gly526Ser COX-2 follows only the three first steps of the
all-radical mechanism, revealing that the orientation of the rotamers of
the Serb30, Gly526, and Met522 residues are crucial to make the 8,12-
cyclization step possible. However, the mutant allows the homolytic
cleavage of the O—O bond of the 9,11-endoperoxide intermediate, being
more favorable the formation of the 8 9-11,12-diepoxy derivatives of the
arachidonic acid, according to experimental results. Apart from that,
these results also show that the Ty385, Leu352, Tyr348 and Pheb18
residues are also crucial to control the regio/stereoselectivity of the two
cyclization steps.

Third, the results of the inhibition of the PGGy product by as-
pirin reveals the molecular features of the role of acetylated-Ser530
residue inside COX-2. On one hand, the synthesis of 15R-HpETE
(then reduced to the main product 15R-HETE) is kinetically domi-
nant in the oxidation of AA catalyzed by aspirin-acetylated COX-2.
Besides, the 15R-HpETE product is obtained by the abstraction of
Hispros or Hispror, and it can either occur by antarafacial or suprafa-
cial Oy attack, depending on the orientation of the acetyl-Ser530 group
in each case. On the other hand, a small amount of (9R, 11R) bicy-
clo endoperoxide intermediate can also be formed, leading finally to

PGH;, and so explaining the experimental results.
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Besides, that intermediate is viable only with one orientation of the
acetyl-Serb30 group, following the all-radical mechanism initiated by
the abstraction of Hys,.,s. Lastly, the synthesis of isoprostanes (that
would come from the abstraction of Hjs,.or) is not achieved because
it is very far from being kinetically competitive with the formation of
the 15R-HETE.

Finally, our calculations show that COX-2 is unable to catalyze the
formation of 18-HEPE from EPA. Conversely, in presence of aspirin,
acetylated COX-2 produces both 18R-HEPE and 18S-HEPE products,
that are precursors of anti-inflammatory E-series resolvins (RvE1 and
RvE2) mediators.
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ABSTRACT: Cyclooxygenase-2 (COX-2) is the key enzyme involved in the
synthesis pathway of prostaglandin G2 (PGG2) by transformation of arachidonic
acid (AA). Although COX-2 is one of the principal pharmacological targets by the
implication of PGG2 in several human diseases, the classical all-radical mechanism
proposed for COX-2 catalysis has never been validated at the molecular level.
Herein, molecular dynamics simulations and quantum mechanics/molecular
mechanics (QM/MM) calculations were combined to analyze the six steps of
the all-radical mechanism. The results show that O, addition on C;; of AA can
follow an antarafacial or suprafacial approach with respect to tyrosine 385, but only
the antarafacial addition leads to the product with the correct 11R stereochemistry
as established in the mechanistic proposal. Moreover, only the reaction pathway
coming from the antarafacial intermediate describes a viable 8,12-cyclization to
form the prostaglandin-like bicyclo endoperoxide that finally leads, by kinetic
control, to PGG2 with the 1SS stereochemistry found experimentally. The

COX-2

formation of the more stable trans ring isomer of natural PGG2 in an enzymatic environment is also explained. Our molecular
analysis shows how COX-2 uses its relatively narrow channel in the active site to restrain certain conformational changes of AA
and of the reaction intermediates, so that the PGG2 enzymatic synthesis turns out to be highly regiospecific and stereospecific.
A more recent 10-step carbocation-based mechanistic proposal has been discarded.

1. INTRODUCTION

Cyclooxygenase-2 (COX-2) is a membrane-associated homo-
dimeric bifunctional hemoprotein that catalyzes the oxygen-
ation of several polyunsaturated fatty acids." Arachidonic acid
(AA, 20:4 n-6), released from phospholipid membranes, is its
main substrate leading to the generation of prostaglandins,
whose production is associated to many human pathologies,
including inflammation, cardiovascular diseases, and cancer.
COX-2 has a crucial relevance in pharmacology because it is a
target of the nonsteroidal anti-inflammatory drugs such as, for
instance, aspirin, ibuprofen, and diclofenac, thus producing the
well-known analgesic, antipyretic, and anti-inflammatory
effects.”™®

Each monomer has two mechanistically coupled, spatially
distinct active sites." AA binds within the cyclooxygenase active
site at the end of a hydrophobic channel that extends up to the
membrane-binding region. After C;3; hydrogen abstraction
from AA, the addition of two O, molecules converts AA to
prostaglandin G2 (PGG2; see Scheme 1). PGG2 is then
released to the heme-containing peroxidase active site located
near the protein surface, where its 15-hydroperoxide group is
reduced to give prostaglandin H2 (PGH2). The peroxidase
activity can work independently of the cyclooxygenase one.
Conversely, cyclooxygenase activity is peroxide-dependent. In
the resting state of COX-2, the peroxidase active site contains a

v ACS Publications  © 2019 American Chemical Society
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Scheme 1. Prostaglandin G2 (PGG2)
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Fe**-protoporphyrin IX group.9 An alkyl hydroperoxide
activates the heme group by means of a two-electron oxidation,
yielding the corresponding alcohol and an oxy-ferryl
protoporphyrin IX radical cation, which, in turn, is reduced
by an intramolecular electron transfer from the Tyr385 placed
in the cyclooxygenase active site. The so-formed tyrosyl radical
initiates the catalytic cycle in the cyclooxygenase active site
when the substrate AA occupies this site. Electron para-
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Scheme 2. All-Radical Mechanism
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magnetic resonance spectroscopy shows the formation of
Tyr385 radical after the addition of an alkyl hydroperoxide”'’
and the appearance of an arachidonate radical following the
addition of AA."

So far, the only existing unambiguous crystal structure of AA
bound in the cyclooxygenase active site of COX-2 in a
productive conformation”'" corresponds to its complex with
the Co’*-protoporphyrin IX-reconstituted murine COX-2
(muCOX-2—AA complex; PDB code 3HSS) determined to
2.1 A that lacks both peroxidase and cyclooxygenase activities.
There are no significant structural differences between both
enzyme monomers A and B, although AA adopts very different
conformations within the cyclooxygenase active sites of each
monomer. Very interestingly, AA in monomer A exhibits a
nonproductive binding mode (unable to react) with the AA
carboxylate interacting with Tyr385 and Ser530 at the apex of
the channel. Conversely, an “L-shaped” productive binding
configuration of AA is observed in monomer B such that the
AA carboxylate lies near the side chains of Argl20 and Tyr355
at the opening of the channel, whereas the AA w-end is
encased by residues Phe205, Phe209, Val228, Val344, Phe381,
and LeuS34 that form a hydrophobic groove above Ser530.
The C,; carbon atom of AA is positioned 2.95 A below the
phenolic oxygen of Tyr385, ready to start the cyclooxygenase
reaction by abstraction of a C,; hydrogen. This way, only one
monomer (the catalytic one) of the COX-2 homodimer is
active at a given time."”

There is a general agreement'*~" about the mechanism that
rules such an important enzyme reaction in the cyclooxygenase
active site. The classical six-step all-radical mechanism (see
Scheme 2) derives from proposals by Hamberg and
Samuelsson more than 50 years ago.m*19 After a Cj; hydrogen
abstraction from AA by a tyrosyl radical, a delocalized C;,—C;
pentadienyl radical is generated (step 1). An antarafacial O,
addition at Cy; yields a 11R peroxyl radical (step 2), which
yields a Cgradical cyclic endoperoxide by means of a 9,11-
cyclization (step 3). Step 4 consists of an 8,12-cyclization
leading to a bicyclo endoperoxide and a C;3—C;j; allyl radical.
A second O, addition at the 1S5S position (step S) and a back
hydrogen transfer from Tyr385 to the peroxyl radical at C
(step 6) finally give PGG2.

2064

However, Dean and Dean' proposed later an alternative 10-
step carbocation-based mechanism. After C;; hydrogen
abstraction from AA, a sigmatropic hydrogen transfer from
Cyy to C,; takes place, forming a delocalized C3—C,,
pentadienyl radical, followed by an electron transfer from C
to the heme group, thus producing a carbocation at C,, (see
Scheme 3). Then, an 8,12-cyclization, a back electron transfer

Scheme 3. Formation of the Carbocation in C,, according
to the Carbocation-Based Mechanism

:’m
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from the heme group to C,;, an O, addition at C,}, a 9,11-
cyclization, a hydrogen transfer from C; to C,, a second O,
addition at Cis, and finally a back hydrogen transfer from
Tyr385 to the peroxyl radical at C;5 lead to PGG2. Several
important points that Dean and Dean argued in favor of their
carbocation-based mechanism were:

a Autoxidative cyclization of polyunsaturated fatty acid
hydroperoxides in solution to form prostaglandin-like
bicyclo endoperoxides through an all-radical mechanism
highly favors cis-disubstituted cyclopentane isomers,”” in
clear opposition to the trans isomers corresponding to
the natural prostaglandins generated by COX-2.

DOI: 10.1021/acsomega.8b03575
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b If 10,10-difluoroarachidonic acid is the substrate, COX
enzymes do not generate any cyclic prostaglandin-like
products, but acyclic alcohols such as 10,10-difluoro-
11S-hydroxyeicosatetraenoic acid.”’ Thus, it seems that
the existence of hydrogen atoms at C,, would be
required for the formation of prostaglandins.

¢ Chirality at C,5 is supposed to be better explained when
the C,,—C,3 hydrogen shift occurs.

Very recently, Navratil et al.>> have studied the ex vivo
deuterium isotope effect for the enzymatic oxidation (by COXs
and lipoxygenases) of AA by macrophages. They have found
that deuteration of C,, promotes the formation of Lipoxin B4,
likely by interfering with AA cyclization and shunting AA to
the lipoxygenase pathway under physiological conditions.

To compare at a detailed molecular level the two different
mechanisms explained above, in this work we present the first
theoretical study of the complete mechanism of reaction
corresponding to the conversion of AA to PGG2 catalyzed by
the enzyme COX-2. To this aim, we have combined molecular
dynamics simulations with quantum mechanics/molecular
mechanics (QM/MM) calculations. We have devoted special
attention to the analysis of the rearrangements of the AA inside
the active site of COX-2 along the different steps of the
mechanism and to the understanding of how COX-2 manages
to get the catalytic control of the stereoselectivity and the
regioselectivity of the reaction.

2. COMPUTATIONAL METHODS

2.1. System Setup. The first step of this study consists in
the setup of the heme-containing homodimer enzyme COX-2
interacting with AA. To begin with, we built the enzyme based
on the murine COX-2—AA complex (PDB code 3HSS)," in
which the protoporphyrin IX group is complexed to a Co®* and
the homodimer presents AA interacting in different con-
formations in each monomer. Co>" was replaced by Fe®*, and
the heme prosthetic group was tethered to the axial histidine
ligand (His388) in order to prevent the dissociation from the
complex during the simulation.

Concerning the AA structure, only the monomer B exhibits
the productive binding configuration, whereas the inverted
orientation of the substrate is observed in monomer A in the
cyclooxygenase channel. It is important to note that the
productive orientation places the C,3 of AA near the Tyr38S
allowing the abstraction of a C,;; hydrogen. We therefore
decide to model only monomer B in order to study in detail
each step of the catalytic mechanism. The AMBER ff14SB
force field*’ was employed to define the protein residues, and
the missing hydrogen atoms were added using the leap module
of AMBER14** assuming a standard pH = 7 for the titrable
residues. Five Na* ions were added into the protein surface to
neutralize the total charge of the system. The total system was
solvated in a cubic box of TIP3P water molecules™ of
dimensions 91.1 A X 101.2 A X 87.7 A. The size of the cubic
box was created considering a minimum cutoff of 15 A
between the atoms of the enzyme and the edge of the periodic
box, removing all the water molecules closer than 2.2 A to any
atom of the protein or the substrate. The resulting system
contains about 80 600 atoms.

2.2. Parameterization. The partial atomic charges of the
ferric penta-coordinate high spin group (Fe®*) were obtained
from the restrained electrostatic potential (RESP)*® method at
the HF/6-31G(d,p) level of theory. Then, the heme
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parameters were taken from a recent study’’ and the axial
histidine parameters were described by the general AMBER
force field (GAFF)*® using the residuegen and parmchk
module of AMBER14.”* Concerning the AA, the parameters of
its delocalized C;;—C,5 pentadienyl radical and its delocalized
C,3—C)s allyl radical were taken from a recent study.”

To parameterize the 10,10-difluoroarachidonic acid radical
delocalized over the C;;—C,s pentadienyl system, we
calculated the partial atomic charges using the RESP method
at the HF/6-31G(d,p) level of theory. Then, the parameters
were obtained using the antechamber and parmchk module of
AMBER14, combining them with some analogous parameters
corresponding to the AA radical delocalized over the C,;—C;
pentadienyl system.

Finally, the parameterization of the tyrosyl radical was
performed starting with the optimization of the residue using
the B3LYP functional’*° and the 6-31G(d,p)*"** basis set for
all atoms and then calculating the partial atomic charges by
using the RESP method at the B3LYP/6-31G(d,p) level of
theory with Gaussian09.>> The energy term corresponding to a
stretching of a bond or a bending of an angle in the AMBER
force field consist of a harmonic function that depends on a
force constant. Then, the force constants associated to each
bond or angle of the tyrosyl radical have been fitted to
reproduce the B3LYP/6-31G(d,p) potential energy profiles
generated for the corresponding stretching or bending. In this
case, the dihedral parameters have not been calculated, because
they do not present any differences with respect to the
tyrosine. The van der Waals parameters were taken from the
GAFF force field of AMBER14, considering the oxygen radical
as an ether or ester oxygen.

2.3. Molecular Dynamics Simulations. After proper
setup and parameterization, the resulting systems with AA
within the cyclooxygenase active site, including Tyr385 or the
radical Tyr385 of monomer B of COX-2, were minimized
following three MM minimization steps using the steepest
descent and conjugate gradient methods. In the first step, we
have applied harmonic restraints on the enzyme, heme
prosthetic group, and the substrate, keeping the solvation
waters free. In the second step, only the substrate and the
heme prosthetic group have been restrained. The final
minimization protocol was carried out applying restrains only
on the protein side chains, the remaining system being free.

Then, two MD simulations have been performed under
periodic boundary conditions, the first one including Tyr38S
and the second one with the radical Tyr385. In both cases, the
Michaelis complex was gradually heated from 0 to 300 K under
the NVT ensemble (using Langevin dynamics),** along 200 ps
with a weak restrain of S kcal mol™' A7 over the heme
prosthetic group and the substrate. Starting from the last
configuration of the NVT ensemble, a simulation of the system
under the NPT ensemble was performed to control its density.
Thus, we have carried out four steps of 10 ps at 300 K and 1
atm of pressure (using a isotropic weak-coupling algorithm and
the Berendsen barostat)*® with a weak restrain on the residues
side chains and then one last longer step of 160 ps to reach a
density of the system around 1 g cm™ (see Figure 1).

From the last configuration of the NPT ensemble (and,
therefore, taking the final volume corresponding to 1 atm of
pressure), an equilibration of 10 ns and the production
simulation of 100 ns have been performed at 300 K using the
NVT ensemble without any restraints. Along the MD, the
covalent bonds containing hydrogen were constrained using

DOI: 10.1021/acsomega.8b03575
ACS Omega 2019, 4, 2063—2074



ACS Omega

105

Density”

0.9

Density glom?

0.85

0.8

0.75

20 30 40 50

Seps

60 80 90 10C

Figure 1. Evolution of the density along the NPT MD simulation of
the COX-2—AA Michaelis complex including Tyr38S. Each step
stands for 2 ps.

the SHAKE algorithm,36 and the particle-mesh Ewald
method”” was used to treat long-range electrostatic inter-
actions. The simulation was performed using the AMBER 14
GPU (CUDA) version of the PMEMD package.”®*” A time
step of 2 fs has been used in all cases.

2.4. Quantum Mechanics/Molecular Mechanics Cal-
culations. Representative snapshots of the MD simulation
were used to perform the QM/MM calculations of each step of
the catalytic mechanism. The QM/MM calculations were
performed using the modular program package Chem-
Shell,***! combinin§ Gaussian09 for the QM part and the
DL_POLY module*” in ChemShell for the MM part.

The AMBER force field was employed for the MM region
and the electrostatic embedding scheme® was used in all
calculations to consider the polarizing effect of the enzyme
over the QM region. Moreover, hydrogen link atoms have
been employed to treat the QM/MM boundary with the
charge-shift model,** and no cutoffs were introduced for the
nonbonding MM and QM/MM interactions.

QM/MM optimizations were carried out employing the
limited-memory Broyden—Fletcher—Goldfard—Shanno (L-
BEGS) algorithm®® for energy minimizations. To build the
potential energy profiles, a series of optimizations have been
carried out imposing harmonic restrictions on the reaction
coordinate, which, in general, increases with a step size of 0.2
A. For the transition state search, a combination of the
partitioned rational function optimizer*> and the L-BEGS was
used. These algorithms are implemented in the HDLCopt
(Hybrid Delocalized Internal Coordinate Scheme)** module
of Chemshell.

For each snapshot taken from the MD simulation, the
corresponding QM/MM system includes all residues of the
monomer B of COX-2, the complete AA and the 500 water
molecules closer to C;; of AA (roughly 10400 atoms). All
residues and water molecules within a 1S A radius sphere
centered on C,;, and including the complete AA, define the
active region (around 2000 atoms) in which all atoms move
freely during the optimization processes, whereas the rest of
the system has been kept frozen.

In all calculations, the QM region was treated using the
B3LYP hybrid functional and the 6-31G(d,p) basis set for all
atoms. This subsystem presents different sizes depending on
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the particular step studied (see Figure S1). Because the Fe
atom is in the peroxidase active site, it has been included in the
MM region. Then, a doublet multiplicity has been imposed for
the calculations of all reaction steps. For the reaction steps
corresponding to an O, addition, we have checked (see Table
S1) that the O, molecule has been introduced having a triplet
character. The VMD program*® has been used to generate the
pictures of molecules.

3. RESULTS AND DISCUSSION

3.1. Molecular Dynamics Simulations. Some time ago,
two previous'** 10 ns MD simulations of the COX2—AA and
COX2—AA C,; radical complexes by Furse et al. showed the
importance of dynamics to describe the features of these
systems. In the present work, as explained above, after
equilibration a 100 ns MD simulation of AA within the
cyclooxygenase active site including Tyr385 of monomer B of
COX-2 has been carried out. The root mean-square deviation
(RMSD) of the protein a-carbons with respect to the first
structure (see Figure 2) clearly shows that the protein is
equilibrated, especially if the N-terminal region is not
considered.

4
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Figure 2. RMSD of the protein a-carbons (blue line) and excluding
the ones corresponding to the N-terminal domain (red line) with
respect to the first structure along the 100 ns MD simulation of AA
within the cyclooxygenase active site including Tyr385 of monomer B
of COX-2. A frame has been taken each 10 ps.

From here on H,;, will stand for the hydrogen of AA that
will be abstracted. Then, we have followed (see Figure 3) the
evolution of the distances H;;3—OTyr385 and C;3;—OTyr385
along the simulation. In practical, all the frames d(H;33—
OTyr38S) > d(C;3—OTyr385) along the first 90 ns, although
this relation is reversed in the last 10 ns. In order to check how
these distances change along longer MD simulations we have
carried out an additional 50 ns simulation. As seen in Figure
S2, no significant variation occurs within the time interval
100—150 ns.

Taking one structure each 10 ps along the first 100 ns MD
simulations and filtering them according to the conditions
d(H,3,—OTyr385) < 3 A and d(H;,—OTyr385) < d(C,3—
OTyr385S), we have selected those structures having character-
istics adequate to initiate the reactive processes. The second
condition ensures that the corresponding C,;—H,;, bond is
properly oriented for the hydrogen abstraction. This way we
have obtained 706 snapshots, which we call precatalytic
structures, ready to react as soon as the tyrosyl radical is
formed. To facilitate the analysis of the binding modes, these
snapshots have been clustered using a RMSD of 1.3 A for the
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Figure 3. Evolution of the distances H,;,—OTyr38S (purple line) and
C,3—OTyr385 (green line) along the 100 ns MD simulation of AA
within the cyclooxygenase active site including Tyr385 of monomer B
of COX-2. A frame has been taken each 10 ps.

heavy atoms of AA. The two more populated clusters have
been represented in Figure 4. Our MD simulation reproduces

Tyr3ss

Figure 4. Two more populated clusters (the first one in blue, the
second one in red) of the precatalytic structures using a RMSD of 1.3
A for the heavy atoms of AA.

very well the “L-shaped” productive binding configuration of
AA as observed in the above mentioned crystal structure by
Vecchio et al.' The AA carboxylate lies near the side chains of
Arg120 and Tyr35S at the opening of the channel, whereas the
AA w-end extends along the hydrophobic groove above
Ser530, with the C;; carbon atom of AA located below and
near the phenolic oxygen of Tyr385.

On the other hand, given that the peroxidase cycle occurs
independently of the cyclooxygenase activity, AA could occupy
the cyclooxygenase site already containing a tyrosyl radical.
Then, we have also run a 100 ns MD simulation of AA within
the cyclooxygenase active site including the Tyr385° radical of
monomer B of COX-2. The analysis of the evolution of the
distances H;3,—°OTyr385 and C;3—°"OTyr385 along the
simulation (see Figure S3) shows structures ready to react
similar to the ones obtained with Tyr38S.

3.2. Quantum Mechanics/Molecular Mechanics Cal-
culations. 3.2.1. All-Radical Mechanism. To start QM/MM
calculations for the all-radical mechanism (see Scheme 2), we
have selected two of the precatalytic snapshots obtained above
by filtering the structures shown in Figure 3. In particular, the
distances H;;3—OTyr385 and C,;—OTyr385 for snapshot I
are 2.62 and 3.25 A, respectively, and for snapshot II are 2.36
and 3.41 A, also respectively. For each snapshot, we have first
removed the phenolic hydrogen atom of Tyr38S, and we have
optimized the corresponding reactant structures. Because the
first step of the all-radical mechanism is H,;, abstraction from
AA by the tyrosyl radical, then we have built the potential
energy profile along the corresponding reaction coordinate, in
this case defined as the difference between the distances
corresponding to the breaking bond (C;;—H,3,) and the
forming bond (H;;,—OTyr385). The calculation of each
profile has been repeated forward and backward until
convergence to avoid hysteresis. The distances relatives to
the three atoms that directly participate in the breaking/
forming bonds for the reactants, transition state structures, and
products, along with the potential energy barriers are given in
Table 1. As for these three atoms, once optimized, the
reactants corresponding to the two snapshots exhibit some
differences. This fact is normal when the substrate is as long
and flexible as AA. In these cases, there exists a big
dispersion*™>> of the pre-catalytic structures due to the
huge number of rearrangements that, for instance, AA can
adopt within the configurational space. This geometry
dispersion at the reactants does not usually produce significant
changes in the reaction mechanism (the main goal of this
paper), but in the potential energy barriers. In fact, the
evolution along the reaction path of the reactants in snapshots
I and II practically matches. C,3 and O heavy atoms approach
each other up to the transition state structure to facilitate the
hydrogen transfer and then recover their original distance at
the product. The geometries of both transition state structures
around the transferring H,3, are quite similar. In spite of that,
the potential energy barriers differ by 4 kcal/mol. As in
previously studied enzyme reactions,"” ™' the dispersion in
energy barriers is not due to different transition state
structures, but to the reactants’ dispersion. Anyway, the values
we have obtained are reasonable in comparison with recent
measurements>> of the rate constants for oxidation of AA by
COX-2 at 30 °C (k, = 167 s7!, what, according to
conventional transition state theory, corresponds to a
phenomenological free energy barrier of 16 kcal/mol).

The optimized products of the first step are AA radicals
delocalized over the C;;—C5 planar pentadienyl system. From
here on we will describe the subsequent steps of the all-radical
mechanism for the two parallel reaction paths derived from
each snapshot, which have been studied in an identical manner.
We will see that the main features of both reactions pathways
are qualitatively identical, which reinforces the obtained

Table 1. Distances (A) Relatives to the Three Atoms That Directly Participate in the Breaking/Forming Bonds for the
Reactants, Transition State Structures, and Products, along with the Potential Energy Barriers (kcal/mol) Corresponding to
the H,;, Abstraction from AA by the Tyrosyl Radical for the Snapshots I and II*

structure d(C-H)y  d(H-0);  d(C-0)y d(C-H)ys  d(H-0)rg d(C—0)1g d(C-H), d(H-0), d(C-0), AE*
snapshot I 1.09 2.66 332 1.31 1.28 2.59 2.53 0.97 3.40 20.8
snapshot II 1.09 249 3.37 1.30 1.28 2.58 2.53 0.97 3.49 16.4
“C, H, and O stand, respectively, for C 3, H;34, and O of Tyrosyl radical.
2067 DOI: 10.1021/acsomega.8b03575
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conclusions. To study the second step, addition of an oxygen
molecule to C,;, we have chosen different possible starting
positions of the oxygen molecule. Taking C;; as the origin of
coordinates, these molecules have been placed along the x, y,
and z Cartesian axes and along the bisector axes contained in
the xy, xz, and yz planes.** 9, 18, and 26 O, molecules have
been set to a distance of 2.5, 3, and 3.5 A, respectively, from
the closest oxygen atom to C,;. In all, 53 initial positions of the
oxygen molecule for each snapshot. Figure S displays the
arrangement of the oxygen molecules at a distance of 3.5 A
from C,;.

Figure S. Arrangement of the oxygen molecules (in red) at a distance
of 3.5 A from C;; (in orange).

QM/MM single point energy calculations have been carried
out for the 53 positions and the higher energy structures have
been discarded. The most stable structures have been
optimized and taken as starting points to build the reaction
path for the oxygen addition to C,,, with this distance chosen
as the reaction coordinate. The potential energy barriers
obtained for all the pathways that have been able to reach the
products for both snapshots are given in Table 2.

Note that the attack of the oxygen molecule to C;; could be
antarafacial (i.e., by the face of the C;;—C; pentadienyl system
opposite to the tyrosyl radical), leading to an 11R stereo-
chemistry, or suprafacial (by the same side where the tyrosyl
radical is placed), giving an 11S stereochemistry (see Figure S4
for a better view of the antarafacial/suprafacial concepts). The

Table 2. Potential Energy Barriers (kcal/mol)
Corresponding to the Oxygen Addition to C,, for all the
Pathways That Have Been Able To Reach the Products for
Snapshots I and II

snapshot I snapshot II
AE* 0, attack AE* 0, attack
49.5 suprafacial 49.3 suprafacial
12.4 non” supra/antara 113 non” supra/antara
9.3 suprafacial 8.7 suprafacial
74 suprafacial 49.0 suprafacial
7.5 antarafacial 58 antarafacial
6.0 suprafacial 83 suprafacial
7.5 suprafacial 9.7 suprafacial
40.9 antarafacial
35.8 non” supra/antara
35.6 non” supra/antara

“This oxygen attack can be classified neither as suprafacial nor as
antarafacial.
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two possibilities can be visualized in Figure 6. Note the
antarafacial approach (Figure 6a) is the only one that is

ad
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Figure 6. Optimized reactants (left) and products (right)
corresponding to (a) antarafacial oxygen addition to C,, for snapshot
I and (b) suprafacial oxygen addition for snapshot II. The distances
are given in A. Carbon atom C,; is depicted in black and oxygen
atoms in red.

obtained experimentally when PGG2 is the product. Our
results show (the orientation of the O, attack has been
indicated for each reaction path in Table 2) that both the
antarafacial and the suprafacial attacks appear to be possible,
existing reaction paths that involve relatively small energy
barriers in comparison with other steps of the global
mechanism. The lowest potential energy barriers correspond
to the suprafacial attack for snapshot I (6.0 kcal/mol) and to
the antarafacial attack for the snapshot II (5.8 kcal/mol). The
reactants and products (peroxyl radicals) corresponding to an
antarafacial addition for snapshot I and a suprafacial addition
for snapshot II are pictured in Figure 6. Then, it seems that is
not necessarily the oxygen addition step, the one that imposes
the antarafacial final configuration of PGG2 at C,;.

We have started from the products generated with the
lowest potential energy barriers corresponding to the
antarafacial addition and the suprafacial addition for both
snapshots to follow the formation of the Cg-radical cyclic
endoperoxides by means of a 9,11-cyclization. Prior to this
third step, the just added oxygen molecule needs to rotate
around the C;;—O bond the unbonded oxygen in order to face
C,. This rotation involves a small potential energy barrier of
roughly 2 kcal/mol. From these optimized rotated structures,
the potential energy barriers for this first cyclization (the
reaction coordinate is the O—C, distance) are given in Table 3.
The reactants and products corresponding to the formation of
the endoperoxide in an antarafacial case for the snapshot I and
in a suprafacial case for snapshot II are pictured in Figure 7. It
can be seen that the cyclizations coming from the suprafacial
(11S) O, additions are more favorable than the antarafacial

Table 3. Potential Energy Barriers (kcal/mol) for the First
Cyclization Corresponding to Snapshots I and II

snapshot I snapshot 1T
AE* 0, attack AE* O, attack
15.0 suprafacial 10.0 suprafacial
19.5 antarafacial 20.0 antarafacial
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(a)

Figure 7. Optimized reactants (left) and products (right) for (a)
antarafacial case (snapshot I) and (b) suprafacial case (snapshot II)
for the first cyclization. The distances are given in A. Carbon atoms C,
and C,, are depicted in black and oxygen atoms in red.

(11R) ones. Then, this third step cannot explain the natural
11R configuration of PGG2 either.

Both snapshots behave in the same way for the 8,12-
cyclization, the fourth step, for which the C4—C,, distance was
chosen to define the reaction coordinate. The antarafacial
intermediates form the new C4—C,, bond, leading to a ring of
S carbon atoms and a C;3—C;; allyl radical, with potential
energy barriers of 26.5 and 24.1 kcal/mol for snaphsots I and
11, respectively. Conversely, the suprafacial intermediates are
unable to produce this 8,12-cyclization. When the formation of
the Cg—C;, bond is forced by means of shortening the distance
between both carbon atoms, the strain imposed to the
molecule provokes its rupture, in such a way that the O—O
and the C,,—C,, bonds break, leading through a huge energy
barrier (nearly SO kcal/mol) to a broken structure that has
nothing to do with the one that has to be the product of this
fourth step. At this point, it has to be emphasized that the
substrate AA is a very long (20 carbon atoms) and flexible
molecule (as a consequence of its multiple single bonds), but
at the same time its structure is quite rigid as well, due to its
four C=C double bonds. This rigidity increases as AA is
undergoing successive cyclizations. Therefore, a local chemical
reaction at a given point of AA can require such conforma-
tional rearrangements, even in far regions of the substrate, that
impose high energy barriers or even make the reaction
impossible leading to the AA breakage. This is a very important
factor that does not occur in enzymatic reactions involving
small substrates, but that can be determinant when the
substrate is as big as AA or other polyunsaturated fatty acids. In
addition, we have to realize that the environment of residues
that forms the enzyme active site restraints even more the
conformational changes of AA and that this is the way how
COX-2 manages to exert the catalytic control of the
regioselectivity and stereoselectity of the reaction. Taking
into account all that, we can identify the 8,12-cyclization as the
responsible for the fact that only the antarafacial molecular
oxygen attack, but not the suprafacial one, in the second step
leads to the final PGG2, which, as a consequence, has an 11R
configuration. This discriminating role of the 8,12-cyclization
turns out to be likely the reason why Brash and cow.*
conclude that it is impossible to perturb the stereochemistry of
C,, oxygenation in PGG2 by mutagenesis experiments.

At this point, a careful analysis of the stereochemistry of the
cyclopentane ring that has been formed after the 8,12-
cyclization reveals that it presents a cis configuration (see
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Figure 8a) for its side chains (the carboxylate end and the w-
end). That is, the hydrogen atoms bonded to Cg and Cy,

' 4
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Figure 8. Prostaglandins containing (a) cis ring isomer or (b) trans
ring isomer. Carbon atoms Cg and C,, are depicted in black and
oxygen atoms in red.

appear on the same site of the cyclopentane. However, the
natural prostaglandin produced by COX-2 contains the trans
ring isomer. Very interestingly, as mentioned in the
Introduction, the autoxidative cyclizations of lipid hydro-
peroxides in solution to form prostaglandin-like bicyclo
endoperoxides through an all-radical mechanism mostly
produce cis ring isomers, the trans ring isomers being highly
disfavored.”® Then, COX-2 in some way manages to
catalytically force the formation of the biologically active
trans ring isomer. At the first thought, it could be supposed
that the geometries of both ring isomers are quite different.
However, an overlay between both (see Figure 8) clearly
shows that the differences are very subtle and do not lie in the
carboxylate end nor the w-end chains, but in the bicyclo
endoperoxide, mainly in the position of the two oxygen atoms
and carbon C,.

Let us re-examine the 8,12-cyclization from the antarafacial
Cyg-radical cyclic endoperoxides. In Figure 9, we have shown
the forward (red line) and backward (green line) potential
energy profiles corresponding to the formation of the cis ring
isomer of snapshot I The red diamonds stand for the
optimized stationary points of the cis reaction, which impose a
potential energy barrier of 26.5 kcal/mol, as mentioned above.
The upper insets contain pictures of the reactant (left, pre cis)
and product (right, cis). When the backward profile was
repeated (blue line) with a shorter optimization step size (0.1
A vs 0.2 A in the green line) it matches the previous cis one
(green line) up to 3 A of the C4—Cj, reaction coordinate, but
between the values 3.2—3.5 A there appears an abrupt decrease
of the energy barrier (roughly 10 kcal/mol) that accompanies a
deformation of the bicyclo endoperoxide going from a pre cis
structure to a pre trans one. Starting from the new structure of
the reactant (pre trans), a forward energy profile (purple line)
leads to the natural trans ring isomer. The purple diamonds
stand for the optimized stationary points of the trans reaction,
which now impose a potential energy barrier of 23.4 kcal/mol.
The lower insets contain pictures of the reactant (left, pre
trans) and product (right, trans). Moreover, the trans ring
isomer turns out to be 24 kcal/mol more stable than the cis
ring isomer. This way, it is clear that there are two possible
reaction channels for the 8,12-cyclization in the active site of
the enzyme, the cis and the trans channel. The geometric
difference between them turns out to be extremely subtle, and
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Figure 9. Forward (red line) and backward (green line) potential energy profiles corresponding to the formation of the cis ring isomer of snapshot
L The red diamonds stand for the optimized stationary points of the cis reaction. The upper insets contain pictures of the reactant (left, pre cis) and
product (right, cis). The blue line is the backward profile with a shorter optimization step size. The purple line is a forward potential energy profile
starting from the new structure of the reactant (pre trans) and leading to the natural trans ring isomer. The purple diamonds stand for the
optimized stationary points of the trans reaction. The lower insets contain pictures of the reactant (left, pre trans) and product (right, trans). The
distances are given in A and the energies in kcal/mol. Carbon atoms Cg and C,, are depicted in black and oxygen atoms in red.

the system can fall in either of the two channels depending on
how the potential energy profile is built. In Figure S5, it is
shown how a clockwise or an anticlockwise rotation of the
endoperoxide group, which is accompanied by the correspond-
ing motion of the cyclopentane ring, as going along the
backward potential energy profile transforms the bicyclo
endoperoxide from a pre cis structure to a pre trans one
(green line to blue line) or not (the system holds on the green
line), respectively, between the values 3.2—3.5 A of the Cy—
C,, reaction coordinate. Thus, COX-2 controls the stereo-
chemistry of the 8,12-cyclization by means of the spatial
positions of the side chains of its active site residues, thus
producing quite more stable trans ring isomers and with a
faster rate than the corresponding cis ring isomers, in such a
way that the natural PGG2 generated by COX-2 only contains
the trans ring isomer of the bicyclo endoperoxide. Conversely,
in solution, when that enzyme environment is absent, it is the
cis ring isomer the one that is mostly produced. The same
conclusion can be reached analyzing the behavior of snapshot
II (Figure S6), where the potential energy barriers for the
formation of the trans or cis ring isomer are, respectively, 17.5
or 24.1 kcal/mol, the first one 16.2 kcal/mol being more stable.
Note that our results allow us to override one of the points
argued by Dean and Dean'’ in favor of their carbocation-based
mechanism (see above).

The fifth step consists of the addition of O, to C,;. Starting
from the optimized C,3—C;; allyl radical trans ring isomers
obtained after the fourth step for snapshots I and II we have
followed a strategy similar to the one adopted for the O,
addition to C;; in the second step. The potential energy
barriers obtained for all the pathways (with the O—Cj;
distance taken as the reaction coordinate) that have been
able to reach the products (peroxyl radicals at C,;) for both
snapshots are given in Table 4. Both the 1SR and the 15S
additions are possible for snapshot I, although only the 15S
stereochemistry is reached in the case of snapshot IL In all
cases, the potential energy barriers are relatively small.

The sixth and last step of the all-radical mechanism consists
of the back hydrogen transfer from Tyr385 to the peroxyl
radicals at C,5 formed in the fifth step. We have taken the
unbonded oxygen—H distance to define the reaction
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Table 4. Potential Energy Barriers (kcal/mol)
Corresponding to the Oxygen Addition to C,  for all the
Pathways That Have Been Able To Reach the Products for
Snapshots I and II

snapshot I snapshot 1T
AE¥ stereochemistry C,5 AE* stereochemistry C;5
2.6 R 2.4 S
6.8 N 2.5 N

coordinate. In the case of snapshot I, the peroxyl group has
to first rotate the unbonded oxygen in order to become close
to the hydrogen atom of Tyr38S that will be abstracted. This
rotation involves two small potential energy barriers (see
Figure S7) preceding the energy rise corresponding to the
hydrogen abstraction itself. We can observe in Table S that the

Table S. Potential Energy Barriers (kcal/mol)
Corresponding to the Back Hydrogen Transfer from Tyr385
to the Peroxyl Radical at C;

snapshot I snapshot II
AE* stereochemistry C,5 AE* stereochemistry C,5
14.9 R 11.8 S
132 N 10.2 S

formation of the hydroperoxide group with stereochemistry
1SS is favored versus the 15R one. The scenario corresponding
to the snapshot II is slightly different. In this case, the peroxyl
group formed in the fifth step is already well oriented to
abstract the hydrogen atom. No previous rotation is needed.
As a consequence, the potential energy barriers (see Table S)
for the two pathways we have built (both of them leading to a
15S hydroperoxide) are smaller than in the case of snapshot 1.
Thus, the results corresponding to the last two steps show that
the oxygen molecule can attack C,5 forming either a 15S or a
1SR hydroxyl radical, but the formation of the final 15S
hydroperoxide is faster enough than the formation of the final
1SR hydroperoxide to explain why only the 15§ PGG2 is
found experimentally.’> Then, we have shown that the all-
radical mechanism is able to account for the chirality at C;, no
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invocation to the carbocation-based mechanism being
necessary.

3.2.2. Carbocation-Based Mechanism. As mentioned in
the Introduction, a central point in this mechanism'® is the
sigmatropic hydrogen transfer from Cj, to C3 giving a
delocalized Cy3—C,, pentadienyl radical. Starting from the
optimized products after the H,;, abstraction from AA by the
tyrosyl radical (see above), we have chosen the H,;,—C,
distance to determine the potential energy profiles for that
hydrogen transfer. The potential energy barriers are 34.5 and
40.5 kcal/mol for the snapshots I and II, respectively. These
very high barriers discard the carbocation-based mechanism.
This process would transform an AA with a nonplanar C4—C,,
fragment and a planar pentadienyl radical delocalized over
C,;—C,;s to an AA with a planar pentadienyl radical delocalized
over Cg—C;, and a nonplanar C;;—C,; fragment (the
corresponding stationary points for snapshot I are pictured
in Figure 10). This fact involves a considerable rearrangement

JTvr38s

TS iy

Figure 10. Stationary points corresponding to the sigmatropic
hydrogen transfer from C, to C,; according to the carbocation-
based mechanism for snapshot I. R, TS, and P stand for the reactant,
transition state structure, and product, respectively. The distances are
given in A. Carbon atoms C,, and C,; are depicted in black.

of AA that inside the active site of COX-2 causes those huge
energy barriers. That hydrogen transfer could be feasible in a
short hydrocarbon radical in solution, but this is not the case.

Thus, our results confirm the electron paramagnetic
resonance experiments which do not detect a pentadienyl
radical delocalized over C4—C,,, but over C;,—C,.*>*°

On the other hand, the experimental finding”' (see the
Introduction) that with 10,10-difluoroarachidonic acid as
substrate, COX enzymes do not generate any cyclic
prostaglandin-like products, but acyclic alcohols such as
10,10-difluoro-11S-hydroxyeicosatetraenoic acid, seems to
support the important role of C,, (and, as a consequence,
the feasibility of the carbocation based mechanism) for the
formation of prostaglandins. Then, we have decided to check
what predicts the all-radical mechanism for that substrate. To
this aim, we have first substituted the two hydrogen atoms at
Co by two fluorine atoms in the snapshots I and II of the AA
radical delocalized over the C,;—C; planar pentadienyl system
generated in the first reaction step (the H;, abstraction). After
optimization, we have followed a procedure similar to the one
outlined above to select different possible starting positions of
the oxygen molecule and proceed to add the oxygen molecule
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to C,,. For snapshot II, we have found an antarafacial reaction
path with a potential energy barrier of 40 kcal/mol but a
suprafacial pathway with a barrier of 13.2 kcal/mol. The
corresponding addition products are pictured in Figure 11.

Figure 11. Optimized products of the (a) suprafacial and (b)
antarafacial oxygen addition to C;; of the 10,10-difluoroarachidonic
acid radical delocalized over the C;;—Cy planar pentadienyl system
for snapshot II. The distances are given in A. Carbon atom Cy; is
depicted in black, oxygen atoms in red, and fluorine atoms in pink.

Note that the two fluorine atoms at C,, are antarafacial with
respect to the tyrosyl radical. Then, it can be easily understood
that they highly prevent the antarafacial molecular oxygen
attack, but not the suprafacial one. On the other hand, we have
found two suprafacial additions for snapshot I, with barriers of
6.1 and 12.3 kcal/mol. As mentioned above, the suprafacial
oxygen attack involves an 11§ stereochemistry and is not able
to produce PGG2. As a consequence, we have demonstrated
that the all-radical mechanism does explain why COX-2
converts the substrate 10,10-difluoroarachidonic acid just to
the 10,10-difluoro-11S-hydroxyeicosatetraenoic acid, but not
to PGG2, no invocation to any special role of C,, (nor to the
carbocation based mechanism) being required.

4. CONCLUSIONS

COX-2 is one of the two main human enzymes responsible for
inflammation and in this sense is an extremely important
pharmacologic target of the nonsteroidal anti-inflammatory
drugs. COX-2 transforms arachidonic acid, its main substrate,
to the lipid pro-inflammatory mediators prostaglandins. In this
paper, we have combined molecular dynamics simulations and
QM/MM calculations to study the complete reaction
mechanism corresponding to the formation of PGG2 in the
cyclooxygenase active site of COX-2. We have shown that
COX-2 converts AA to PGG2 by means of an all-radical
catalytic mechanism'®™"? that involves six successive reaction
steps, including two hydrogen transfers, two O, additions, and
two cyclizations. We have followed the evolution and fate of
two pre-catalytic (i.e., ready to react) snapshots taken from the
initial molecular dynamics simulation of the enzyme: substrate
Michaelis complex. We have found that the main trends of the
mechanism are the same for both, although each one retains its
own quantitative values. That is, we can infer that, as usual in
this kind of enzymatic reactions, there exists a significant
dispersion of the initial geometry of the reactants, which
produces some dispersion of the quantitative values for each
step, but within a common mechanism. Indeed, the
quantitative values (for instance, the energy barriers) measured
experimentally for the macroscopic reaction come from a
probability weighted average over all the possible reactants.
As seen in Figure 12, AA undergoes quite significant
distortions in its way to form PGG2. These distortions involve
considerable conformational changes (especially from carbon
atoms 8 to 15) that are not easy for such a long substrate, that
is both flexible (due to its single bonds) and rigid (due to its
four C=C double bond), and this rigidity increases as the
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Figure 12. COX-2 showing the two active sites, the peroxidase active
site (left) and the cyclooxygenase active site (right). The two elliptic
inset corresponds to AA being attacked by an oxygen molecule at the
beginning of the second step (up) and to PGG2 formed in the sixth
step (down).

successive cyclizations occur. COX-2 uses its relatively narrow
channel in the cyclooxygenase active site to restrain the
available conformational changes of AA. This is the way how
COX-2 manages to catalytically control the exquisite
regioselectivity and stereoselectivity of the formation of
PGG2, in particular its 11R and 15S final stereochemistry
and its trans cyclopentane ring isomer (recall that the all-
radical mechanism mostly produces the cis cyclopentane ring
isomer in solution).

Conversely, the huge potential energy barriers we have
found for the postulated hydrogen transfer between carbon
atoms 10 and 13 are enough to discard the carbocation based
mechanism.'® These high barriers are the consequence of the
transformation of an AA with a nonplanar Cg—C,, fragment
and a planar pentadienyl radical delocalized over C;;—C,s to
an AA with a planar pentadienyl radical delocalized over Cg—
Cy, and a nonplanar C,;,—C,s fragment, a considerable
rearrangement of AA that inside the active site of COX-2 is
not feasible. In addition, we have shown that the all-radical
mechanism already predicts that COX-2 does not generate
PGG2 but just the 10,10-difluoro-11S-hydroxyeicosatetraenoic
acid when 10,10-difluoroarachidonic acid is the substrate, this
way decaying one of the main arguments in favor of the
carbocation based mechanism.'’

To summarize, we have shown that the formation of PGG2
from AA catalyzed by COX-2 takes place through the all-
radical catalytic mechanism, and we have explained how this
enzyme manages to control the regioselectivity and stereo-
selectivity of the reaction. We hope that this detailed molecular
knowledge can be useful to understand how the nonsteroidal
anti-inflammatory drugs act and to design other ones with
fewer side effects.
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Figure S1. QMregionsdefined for the different steps studied in the all-radical mechanism:
a) 38 atoms (link atoms not included) for the Cy3 hydrogen abstraction (firststep); b) 18atoms
forthe O, addition at C;; (second step); ¢) 25 atoms forthe 9-11 (third step) and the 8-12
(fourth step) cydizations; d)30 atoms forthe O, addition to C;;s (fifthstep); e) 45 atoms for
the back hydrogen transfer (sixth step); and f) 25 atoms for the O, addition at C,;in the
case of the 10,10-difluoroarachidonic acid as substrate. Link atoms are represented by

wavy lines.
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Figure S2. Evolution of the distances His - OTyr385 (purple line) and Cy; - OTyr385 (green line)
along the 150 ns MD simulation of AA within the cyclooxygenase active site including Tyr385 of

monomer B of COX-2. A frame has been taken each 10 ps.
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Figure S3. Evolution of the distances His - OTyr385 (red line) and C,;3 - OTyr385 (blue line)
along the 100 ns MD simulation of AA within the cyclooxygenase active site including

theTyr385- radical of monomer B of COX-2. A frame has been taken each 10 ps.
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Figure S4. Comparative view between the suprafacial and the antarafacial O, attack to Cy;.

Carbon atom Cy; isdepictedin blackand oxygenatomsinred.
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Figure S5. Forward (red line) and backward (green line) potential energy profiles
corresponding to the formation of the cis ring isomer of snapshot I. The red diamonds stand
for the optimized stationary points of the cis reaction. The upper insets show how the pre cis
structure of the reactant is reached by means of an antidockwise rotation of the endoperoxide
group. The blue line is the backward profile with a shorter optimization step size. The purple
line is a forward potential energy profile starting from the new structure of the reactant (pre
trans) leading to the natural trans ring isomer. The purple diamonds stand for the optimized
stationary points of the trans reaction. The lower insets show how the pre trans structure of
the reactant is reached by means of a clockwise rotation of the endoperoxide group. The
distances are given in A and the energies in kcal/mol. Carbon atoms Cgand Cy, are depicted in

blackand oxygenatomsinred.
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Figure S6. Forward (red line) potential energy profile corresponding to the formation of the cis
ring isomer of snapshot Il. The red diamonds stand for the optimized stationary points of the
cis reaction. The upper insets contain pictures of the reactant (left, pre cis) and product (right,
cis). The purple line is the backward profile with a shorter optimization step size. The green
line is a forward potential energy profile starting from the new structure of the reactant (pre
trans) and leading to the natural trans ring isomer. The green diamonds stand for the
optimized stationary points of the trans reaction. The lower insets contain pictures of the
reactant (left, pre trans) and product (right, trans). The distances are given in A and the

energiesinkcal/mol. Carbon atoms Cgand C,, are depictedin black and oxygen atomsinred.
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Figure S7. Potential energy profiles corresponding to the back hydrogen transfer (sixth step)
from Tyr385 to the peroxyl radicals at C;s formed in the fifth step of the all-radical mechanism.
a) Formation of a 15R hydroperoxide in snapshot I; b) Formation of a 155 hydroperoxide in
snapshot |; ¢) Formation of a 155 hydroperoxide in snapshot Il; and d) Formation of another
155 hydroperoxide in snapshot II. The reaction coordinate (in A) is the difference between the

distance corresponding to the breaking bond (HTyr385 — OTyr385) and the forming bond
(HTyr385 — "0 (0,)). The small barriers of the snapshot | represent the reorientation of the O,

(a, b). The product obtained is the PGG,. In the graphics the forward potential energy profiles
are represented with purple lines, the backward ones with yellow lines, and the optimized

stationary points with blue asterisks.

Table S1: Atomic spindensities (a.u.) (expressed as the excess of a spin) on the heavy atoms
for one of the O, additions studied when O, is still far from the carbon atom (C;;).

Heavy atoms (QM region) | Spin Density
Oa 0.988
O 0.974
Cio 0.024
Cu -0.365
Cuz 0.199
Cis -0.576
Cis 0.230
Cis -0.486
Cie 0.038
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Cyclooxygenases (COXs) are the enzymes responsible for the biosynthesis of prostaglandins, eicosanoids
that play a major role in many physiological processes. Particularly, prostaglandins are known to trigger
inflammation, and COX-2, the enzyme isoform associated with this inflammatory response, catalyzes the
cyclooxidation of arachidonic acid, leading to prostaglandin G2. For this reason, COX-2 has been a very
important pharmacological target for several decades now. The catalytic mechanism of COX-2, a so-
called all-radical mechanism, consists of six chemical steps. One of the most intriguing aspects of this
mechanism is how COX-2 manages to control the regio- and stereospecificity of the products formed at
each step. Mutagenesis experiments have previously been performed in an attempt to find those hot-
spot residues that make such control possible. In this context, it is worth mentioning that in experiments
with the Gly526Ser COX-2 mutant, prostaglandins were not detected. In this paper, we have combined
molecular dynamics simulations and quantum mechanics/molecular mechanics calculations to analyze
how the COX-2 catalytic mechanism is modified in the Gly526Ser mutant. Therefore, this study provides

Received 28th October 2019
Accepted 12th December 2019

DOI: 10.1039/c9ra08860a

Open Access Article. Published on 03 January 2020. Downloaded on 1/15/2020 11:33:38 AM.
[{cc) IEERGEEl| This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

rsc.li/rsc-advances

1 Introduction

Lipid mediators' are bioactive lipids involved in many physio-
logical processes, and are generated through specific biosyn-
thetic pathways. They bind to their corresponding G protein-
coupled receptors and transmit signals to target cells. The
synthesis of many lipid mediators begins with the oxygenation
of polyunsaturated fatty acids by some enzymes.> One of the
most well known and important cases is the dioxygenation of
arachidonic acid (AA, 20:4 n-6) by the enzyme cyclooxygenase-2

“Departament de Quimica, Universitat Autonoma de Barcelona, 08193 Bellaterra,
Barcelona, Spain. E-mail: JoseMaria. Lluch@uab.cat

‘Institut de Bi logia i de Biomedicina (IBB), Universitat Autonoma de
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T Electronic supplementary information (ESI) available: The QM region of each
particular reaction step; evolution of the C,3 pro-S hydrogen-O(Tyr385) distance
during 100 ns of the first MD simulation of the Michaelis complex Gly526Ser
COX-2/AA; evolution of the C,3-O(Tyr385) distance during 100 ns of the first
MD simulation of the Michaelis complex Gly526Ser COX-2/AA; distance
between the hydrogen of the Ser526 OH group and the oxygen atom of the
backbone of Met522 during 10 ns (equilibration) + 20 ns (production) MD
simulation of the Gly526Ser COX-2 mutated enzyme without AA; comparison
between the structure corresponding to snapshot 1 extracted from the MD
simulation of the COX-2/AA Michaelis complex and the centroid snapshot of
the most populated cluster of the last MD simulation of the Gly526Ser
COX-2/AA Michaelis complex; comparison between the centroid of the most
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new insights into the COX-2 catalytic function.

(COX-2), which leads to the formation of the eicosanoid pros-
taglandins. Prostaglandins control many pathological events,
such as inflammation, fever, pain, cardiovascular diseases, and
cancer."

AA is released from membrane glycerophospholipids. COX-2
is a membrane-associated homodimeric bifunctional hemo-
protein.’> Only one monomer acts as a catalyst at a given time.*
The determination of the corresponding crystal structure® has
shown that in the murine cyclooxygenase active site of the
catalytic monomer the AA carboxylate lies near the side chains

populated clusters; evolution of the C;3 pro-S hydrogen-O(Tyr385) and
C,y3-O(Tyr385) distances during 250 ns of the last MD simulation of the
Gly526Ser COX-2/AA Michaelis complex; evolution of the C;; pro-S
hydrogen-O(Tyr385) and C,3-O(Tyr385) distances during a new 100 ns MD
simulation of the Gly526Ser COX-2/AA Michaelis complex; distances between
side chain carbon atoms of selected residues of snapshot 1 extracted from the
MD simulation of the COX-2/AA Michaelis complex or the centroid snapshot
of the most populated cluster of the last MD simulation of the Gly526Ser
COX-2/AA  Michaelis complex,
corresponding active site active site; distances corresponding to the three
atoms that directly participate in the breaking/forming of bonds for the
reactant, transition state structure and product corresponding to the Ci;
pro-S hydrogen abstraction by the tyrosyl radical; evolution of the key
distances during C,; pro-S hydrogen abstraction by the tyrosyl radical;
structure obtained after the 8,12-cyclization to give a bicyclo endoperoxide
which occurs in wild-type COX-2. See DOI: 10.1039/c9ra08860a

and arachidonic acid bound in the
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of Arg120 and Tyr355, whereas the w-end is positioned in the
hydrophobic groove above Ser530, exhibiting an “L-shaped”
binding conformation. A tyrosyl radical is generated as
a consequence of one-electron transfer from Tyr385 to the oxy-
ferryl protoporphyrin IX radical cation formed in the peroxidase
active site after activation by an alkyl hydroperoxide of its heme
group. The C,; carbon atom of AA is positioned 2.95 A below the
phenolic oxygen of Tyr385. The nascent tyrosyl radical starts the
cyclooxygenase reaction by abstraction of the C;3 pro-S
hydrogen atom when AA occupies the cyclooxygenase active
site.>® Afterwards, addition of two oxygen molecules converts AA
to prostaglandin G2 (PGG,). Later, PGG, is released to the
peroxidase active site, where its 15-hydroperoxyl group is
reduced to give prostaglandin H2 (PGH,).

The biosynthesis of PGG, in the cyclooxygenase active site is
achieved by a six-step all-radical mechanism*’** (see Scheme 1)
derived from proposals by Hamberg and Samuelsson. It
successively consists of: a C;; pro-S hydrogen abstraction from
AA by the tyrosyl radical 385, forming a planar delocalized C;,~
Cy5 pentadienyl radical (step 1); an antarafacial molecular
oxygen addition at C,; to give an 11R peroxyl radical (step 2);
a 9,11-cyclization leading to a Cg-radical cyclic endoperoxide
(step 3); an 8,12-cyclization yielding a bicyclo endoperoxide and
a Cy3-Cy; allyl radical (step 4); a second antarafacial molecular
oxygen addition at the 15S position (step 5); and a final back
transfer of hydrogen from Tyr385 to the peroxyl radical at C;5
(step 6), leading to the formation of PGG,.

One of the most amazing features of the six-step all-radical
mechanism is the extremely efficient way how COX-2 manages
to control the stereochemistry and regiochemistry of the reactions
it catalyzes. AA is a very long substrate (it contains 20 carbon
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Fig. 1 Evolution of the C;3 pro-S hydrogen—-O(Tyr385) (red line) and
C13—O(Tyr385) (blue line) distances over 100 ns of the first MD simu-
lation of the Gly526Ser COX-2/AA Michaelis complex.

atoms). It is simultaneously a flexible molecule (owing to its
multiple single bonds) and a rigid molecule (owing to its four
C=C double bonds). The role of many active site residues of COX-
2 is to make this control possible. A number of mutagenesis
experiments have been performed to better understand the way
they act.**"® Particularly interesting is the case of the Gly526Ser
mutant human COX-2.'° This mutation does not appear to inter-
fere with the first three reaction steps. However, no formation of
prostaglandins was detected, 11R-hydroperoxyeicosatetraenoic
acid (11R-HPETE) becoming the main product. Brash and co-
workers'® proposed that the 8,12-cyclization in the Gly526Ser

COOH

COOH

Scheme 1 The all-radical mechanism for the formation of PGG, from arachidonic acid catalyzed by wild-type COX-2.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 A typical structure corresponding to the second half of the first MD simulation of the Gly526Ser COX-2/AA Michaelis complex.

mutant is sterically hindered by misalignment of the substrate
carbon chains. So, instead of prostaglandins they found novel
products, which were identified as 8,9-11,12-diepoxy-13R- (or 15R)-
hydroperoxy derivatives of arachidonic acid.

The aim of this paper is to provide a detailed molecular view of
the way how an apparently little significant mutation is able to
fully arrest the PGG, biosynthesis, instead yielding diepoxy
products. Thus, we have combined molecular dynamics (MD)
simulations with quantum mechanics/molecular mechanics
(QM/MM) calculations to analyze how the Gly526Ser mutant of
COX-2 alters the six-step all-radical mechanism shown in Scheme
1 that holds for wild-type COX-2, so contributing to the under-
standing of the very important catalytic function of COX-2.

2 Computational methods
2.1 System setup

In a previous paper we studied*® the mechanism that governs
the biosynthesis of PGG, catalyzed by wild-type COX-2. That
system was built from the murine COX-2/AA complex (PDB code
3HS5)% replacing the Co®" complexed to the protoporphyrin IX
group by Fe*". The heme prosthetic group was tethered to the
axial histidine (His388). Only the monomer B (the one where AA
adopts an “L-shaped” productive binding configuration, with
the C,3 carbon atom of AA near Tyr385) was modeled in the
cyclooxygenase active site. After a 100 ns MD simulation a pair
of snapshots was selected, and we showed that both were able to
follow the all-radical mechanism displayed in Scheme 1, even-
tually yielding PGG,. In this paper, we have taken one of those
snapshots (snapshot 1), and we have replaced the Gly526
residue by a serine using the CHIMERA" program. All the
amino acid residues of the protein but His388 and Tyr385 were
described using the AMBER ff14SB force field."® All water
molecules were deleted and the system was solvated again by
means of the AMBER18 " tleap program. A pH of 7 was
assumed for the titratable residues. Five Na' ions were added at

988 | RSC Adv, 2020, 10, 986-997

the protein surface to neutralize the total charge of the system.
An almost cubic box (100.2 A x 113.4 A x 92.5 A) of TIP3P water
molecules® was constructed, with a minimum cutoff distance
of 15 A between the atoms of the enzyme and the edge of the
periodic box. All the water molecules closer than 2.2 A to any
atom of the enzyme or AA were removed. In all, the system
contained about 80 000 atoms.

2.2 Parameterization

First of all, the parameters of the heme group were taken from
a recent study.”* However, the corresponding partial charges of
the ferric penta-coordinated high spin group (Fe®') were
calculated using the Restrained Electrostatic Potential (RESP)*
method at the HF/6-31G(d,p) level of theory. In addition, the

—— THipro - §) - O{Tyr385)
= [c13 - 0(Tyr385)

time [ns]

Fig. 3 Evolution of the Cy3 pro-S hydrogen—O(Tyr385) (red line) and
Cy13—O(Tyr385) (blue line) distances over 100 ns of the last MD simu-
lation of the Gly526Ser COX-2/AA Michaelis complex.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 A centroid snapshot of the most populated cluster, chosen as a snapshot representative of the ensemble of structures generated during

the last MD simulation of the Gly526Ser COX-2/AA Michaelis complex.

parameters of the histidine coordinated to the metal were
described by the general AMBER force field (GAFF)* using the
residuegen and parmchk modules of AMBER14.>* Secondly, the
AA substrate, the delocalized C,,-C;5 pentadienyl radical of AA,
and its delocalized C;3-C;5 allyl radical parameters were also
taken from a recent study.> Finally, the parameterization of the
tyrosyl radical was performed by calculating first the optimized
structure of this residue using the B3LYP functional***” and the
6-31G(d,p)*** basis set for all atoms, followed by an RESP
calculation of the partial atomic charges at the same level of
theory using Gaussian09.>° At this point, as the residue is not
a standard tyrosine, the parameters of its bonds, angles, dihe-
drals and van der Waals terms should be re-calculated. There-
fore, the force constants associated with each bond and angle
were fitted using a harmonic function to reproduce the B3LYP/
6-31G(d,p) potential energy profiles generated for the corre-
sponding stretching and bending vibrations. The dihedral
parameters were not calculated as they do not present signifi-
cant differences with the standard tyrosine residue. The van der
Waals parameters were taken from the GAFF force field of
AMBER14, assigning the oxygen radical as an ether or ester

oxygen.

2.3 Molecular dynamics simulations

Starting from the structure resulting from the setup, we carried
out three successive molecular dynamics simulations using the
same protocol before the production stage. For the first MD
simulation the monomer B of Gly526Ser COX-2, with AA and the
radical Tyr385 within the cyclooxygenase active site, was opti-
mized following three successive molecular mechanics (MM)
minimizations using the steepest descent and conjugate
gradient methods. This was done to relax the system. Firstly, we
applied harmonic restraints on the enzyme, the heme pros-
thetic group and AA, keeping the solvation water molecules free.

This journal is © The Royal Society of Chemistry 2020

In the second minimization, only the heme prosthetic group
and His388 were restrained. In the last minimization only the
protein side chains were restrained, the rest of the system
remaining free. Then, we carried out the MD simulation
employing periodic boundary conditions (PBCs), with a cutoff
of 10 A for all Lennard-Jones and electrostatic interactions and
the particle-mesh Ewald method* to treat long-range electro-
static effects. The system was gradually heated from 0 to 300 K,
with an increment of 30 K, during 10 steps of 20 ps each,
imposing a harmonic restraint (5 kcal mol~* A?) to the heme
prosthetic group, under the canonic (NVT) ensemble using
Langevin dynamics.’ Next, a simulation was performed under
the isothermic-isobaric (NPT) ensemble to ensure that the box

— R=P
20 PR
® Reactants
e TS
15 Products
°
£
o 10
o
=
4,
o
—

-1.5 -1.0 =-0.5 0.0 0.5 1.0 15 2.0

Fc13 - Hipro - $) = To(Tyr385) - Hipro - 5) [A]
Fig. 5 Forward (blue line) and backward (ochre line) potential energy
profiles corresponding to Cj3 pro-S hydrogen abstraction by the

tyrosyl radical. The circles indicate the locations of the stationary
points.
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Fig. 6 Potential energy profiles corresponding to the addition of the
oxygen molecule to Cy;. The first point of reaction path | sets the origin

of potential energies. O1 stands for the oxygen atom of the oxygen
molecule that is closest to Cy;.

did not deform, and to achieve an adequate density. Thus, once
at 300 K, we carried out four steps of 10 ps each, at 1 atm
pressure, with a weak restraint on the residue side chains, using
an isotropic weak-coupling algorithm and the Berendsen
barostat, and then one more step of 160 ps with the same
restraint up to a density of around 1 g em ™. Finally, an equil-
ibration stage of 10 ns followed by a production period of 100 ns
were calculated at 300 K under the NVT ensemble without any
restraints apart from employing the SHAKE algorithm® to
constrain all the covalent bonds containing hydrogen.

The other two MD simulations will be explained below. All
the MD simulations were performed using the AMBER18 GPU
(CUDA) version of the PMEMD package.**¢

2.4 QM/MM calculations

We used quantum mechanics/molecular mechanics (QM/MM)
calculations for the energy optimization of the structures.
Each QM/MM system consisted of nearly 10500 atoms,
including all the residues of the monomer B of Gly526Ser COX-2
(with the radical Tyr385), the complete AA, and the 500 water
molecules closest to C;o of AA. The active region, where all
atoms moved freely during the optimization processes, involved
around 2100 atoms whereas the rest of the system was kept

Table 1
responding to the addition of the oxygen molecule to Cy;

View Article Online

Paper

frozen. This region was defined by all residues and water
molecules within a 15 A radius sphere centering on Cjq,
including the complete AA and the heme prosthetic group.

The QM/MM calculations were carried out with the modular
package ChemShell,**® using Gaussian09 for the density
functional theory (DFT) calculations of the quantum mechanics
(QM) part. The calculations of the MM part were carried out
with the DL_POLY module* in Chemshell, employing the
AMBER force field.” The QM region (being the Fe atom in the
MM part because it did not belong to the cyclooxygenase active
site) was described by the B3LYP functional with the 6-31G(d,p)
basis set for all atoms, with a zero total charge and doublet
multiplicity in all reaction steps. This QM region presented
different sizes depending on the particular step studied in the
catalytic mechanism (see Fig. S11). The polarizing effect of the
enzyme over the QM part was included by the electrostatic
embedding scheme,* and the QM/MM boundary was treated
using hydrogen link atoms with the charge-shift model.**
Finally, no cutoffs were introduced for the nonbonding MM and
QM/MM interactions.

To determine the potential energy profiles, a series of opti-
mizations were carried out imposing harmonic restraints on the
reaction coordinate, with an increment of 0.2 A at each step.
The energy minimizations were done with the limited-memory
Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) algorithm.”” A
combination of the partitioned rational function optimizer (P-
RFO)* and the L-BFGS methods was used to locate transition
state structures. All these algorithms are included in the Hybrid
Delocalized Internal Coordinate Optimiser (HDLCopt)** module
of Chemshell. All the pictures of molecules were generated with
the VMD* and CHIMERA" programs.

3 Results and discussion
3.1 Molecular dynamics simulations

As explained above, the first MD simulation of the Gly526Ser
COX-2/AA Michaelis complex was carried out over 100 ns
starting from the structure resulting from the setup. The
evolution of the distances between the C,; pro-S hydrogen or
the C;3 carbon atom and the hydrogen-acceptor oxygen of the
Tyr385 radical is displayed in Fig. 1 (for greater clarity, see the
separated evolution of both distances in Fig. S2 and S37). The
distributions of both distances practically match throughout
the simulation. The distances oscillate between about 5 A and 7

Initial O—-Cy; distances, potential energy barriers, type of oxygen addition, and stereochemistry at Cy; for the six reaction paths cor-

Reaction path Initial distance O-Cy; (A) AE (kcal mol™") 0, attack Stereochemistry at C;,
I 3.18 7.7 Suprafacial R
I 3.43 8.4 Suprafacial R
111 3.12 8.6 Suprafacial R
v 4.04 11.2 Suprafacial R
\ 3.70 7.3 Antarafacial N
VI 3.84 7.1 Antarafacial N

990 | RSC Adv, 2020, 10, 986-997
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A most of the time for the first 50 ns, but, after a sudden jump,
both remain between about 7 A and 9 A for the last 50 ns.

A typical structure corresponding to the second half of the
MD simulation is pictured in Fig. 2. It can be seen that AA is
forced to undergo a major repositioning as a consequence of the
Gly526Ser mutation, moving from the “L-shaped” binding
conformation that it adopts in the wild-type COX-2° to
a conformation where the chains corresponding to the AA w-
end and the AA carboxylate-end become roughly parallel. This
motion causes the C;; pro-S hydrogen to be too far from the
hydrogen-acceptor oxygen of the Tyr385 radical for the
abstraction of the first step of the all-radical mechanism to
occur.

This rather unexpected behavior of AA inside the Gly526Ser
mutant could not explain the experimental results by Brash and
co-workers.'® Thus, we checked if the problem lay in the fact
that we generated the setup of the mutant keeping the substrate
AA within it. That is, we had not thus far allowed a free relax-
ation of the mutant enzyme in the absence of AA. Then, we
eliminated AA from the setup (see Section 2.1), we repeated the
protocol previous to the production stage as described in
Section 2.3, and we ran a 20 ns MD simulation of the Gly526Ser
COX-2 mutated enzyme. During these 20 ns, Ser526 rotates in
order that the hydrogen of its OH group forms a hydrogen bond
with the oxygen atom of the backbone of Met522 (this hydrogen
bond is not possible with Gly526 in wild-type COX-2). This
position is mostly maintained during this MD simulation (see
Fig. S47). As a consequence, the two hydrogen atoms of the Cg of
Ser530 point towards the hydrophobic groove where the AA w-
end will finally lie.

Next, we re-introduced AA into the cavity of the mutant. To
this aim, we eliminated the water molecules from the setup (see
Section 2.1) and from the last structure of the previous 20 ns MD
simulation, and we overlaid the enzyme residues of both struc-
tures. Then, we re-solvated the system, as explained in Section

10.0

7.5

5.0

2.5

0.0

AFE [kcal/mol]

-5.0

-1.5

4.0 35 30 2.r5 2.0 15
foz2 - co [A]

Fig. 7 Potential energy profiles corresponding to the 9,11-cyclization
leading to a Cg-radical cyclic endoperoxide. O2 stands for the oxygen
atom of the oxygen molecule that is free and can attack Co. The
potential energy of the initial structure of reaction path | is taken as the
origin of energies.
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Table 2 Potential energy barriers, and stereochemistry at Cy; and Cq
for the six reaction paths corresponding to the 9,11-cyclization leading
to a Cg-radical cyclic endoperoxide

Reaction AE

path (kcal mol™") Stereochemistry at C,; Stereochemistry at Co
I 8.0 R N
1I 7.3 R N
1II 7.7 R N
v 8.1 R N
v 9.9 N R
VI 10.7 S R

2.1, and we repeated the protocol described in Section 2.3 to run
another 100 ns MD simulation of the Gly526Ser COX-2/AA
Michaelis complex. The evolution of the distances between the
Cy3 pro-S hydrogen or the C;3 carbon atom and the hydrogen-
acceptor oxygen of the Tyr385 radical (see Fig. 3) shows that
most of the structures are now ready for the abstraction in the
first step of the all-radical mechanism, especially for the first 90
ns, when the distances C,3 pro-S hydrogen-O(Tyr385) and Ci3-
O(Tyr385) are 3.4 + 0.8 A and 3.8 + 0.8 A, respectively.

In order to choose a snapshot representative of the ensemble
of structures generated along this last MD simulation of the
Gly526Ser COX-2/AA Michaelis complex, we picked one struc-
ture each 10 ps and filtered the structures by imposing the
conditions r(Cy; pro-S H-O(Tyr385)) < 3 A and r(Cy; pro-S H-
O(Tyr385)) < r(Cy3-O(Tyr385)). So, we obtained 3049 snapshots,
which we clustered using a root mean square deviation (RMSD)
of 1.3 A for the heavy atoms of AA. The three most populated
clusters included 1737, 1000 and 305 structures, respectively.
Next, we determined the average position of the heavy atoms of
AA over all the structures belonging to the most populated
cluster, and we found the snapshot of that cluster with the
smallest AA heavy atoms RMSD with respect to that average
position. This snapshot, the so-called centroid snapshot for the

AFE [kcal/mol]

5.0 45 40 35 30
res-ciz [A]

Fig. 8 Potential energy profiles as a function of the Cg—C;, distance
taken as the reaction coordinate. The potential energy of the initial
structure of reaction path | is taken as the origin of energies.
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most populated cluster, is pictured in Fig. 4. This structure has
no similarities with the one shown in Fig. 2 in the case of the
unrelaxed mutant enzyme. Now the “L-shaped” productive
binding configuration of AA, as observed in the above-
mentioned COX-2 crystal structure,® has been recovered, with
the AA w-end extending along the hydrophobic groove above
Ser530, and the C;3 carbon atom and the C;; pro-S hydrogen
atom of AA located below and near the phenolic oxygen of
Tyr385. A comparison between the structure corresponding to
snapshot 1 extracted from the MD simulation of the COX-2/AA
Michaelis complex (see ref. 13) and the centroid snapshot of
the most populated cluster of the last MD simulation of the
Gly526Ser COX-2/AA Michaelis complex (Fig. 4) is pictured in

[
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Fig. S5.1 In addition, the distances between side chain carbon
atoms of selected residues of that snapshot 1 (COX-2/AA) or that
centroid snapshot (Gly526Ser COX-2/AA) and selected carbon
atoms of AA bound in the corresponding active site are shown in
Table S1.}

The centroids of the second and third most populated
clusters were also determined. They are compared with the
centroid of the most populated cluster in Fig. S6.f An “L-sha-
ped” binding configuration of AA is obtained in the three cases.

In order to check if the 100 ns MD simulation shown in Fig. 3
is actually representative of the configurational space visited by
an equilibrated Gly526Ser COX-2/AA Michaelis complex, we
carried out two additional MD simulations. In the first, we

Fig. 9 Cyclic endoperoxide corresponding to reaction path Il as a function of the Cg—C;, distance at a point before the hydrogen transfer and
the O-O cleavage (A), and at a point after that (B). Distances are given in A.

992 | RSC Adv, 2020, 10, 986-997
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lengthened this MD simulation for an additional 150 ns (see
Fig. S7t). In the second, we selected at random one of the
structures of the 20 ns MD simulation of the Gly526Ser COX-2
mutated enzyme, and after re-introducing AA into the cavity
of the mutant as explained above, we generated a 100 ns MD
simulation of the Gly526Ser COX-2/AA Michaelis complex (see
Fig. S81). This new MD simulation is equivalent to the one
shown in Fig. 3, but starting from a different structure and
different initial velocities. Comparison of Fig. 3 and S7, S8t
confirms that, except for some local deviations, the Gly526Ser
COX-2/AA Michaelis complex populates a region of the config-
urational space where most of the structures are ready for the
C;3 pro-S hydrogen abstraction by O(Tyr385) in the first step of
the all-radical mechanism.

3.2 QM/MM calculations

Now we used QM/MM calculations to determine if the
Gly526Ser mutant of COX-2 is capable of driving the centroid
snapshot of AA throughout the all-radical mechanism. Firstly,
we built the potential energy profile of the C,; pro-S hydrogen
abstraction by the tyrosyl radical (step 1) as a function of the
reaction coordinate. In this case, the reaction coordinate was
taken as the difference between the distances corresponding to
the breaking bond (Cy3-pro-S hydrogen) and the forming bond
(pro-S hydrogen-O(Tyr385)). The energy profile was calculated
both forward and backward to avoid hysteresis (see Fig. 5). Once
the reactants, transition state structure, and products had been
located, the potential energy barrier turned out to be
24.8 keal mol ™. The values of the distances corresponding to
the three atoms that directly participate in the breaking/
forming bonds are given in Table S2f for each structure. As
expected for a hydrogen transfer, the hydrogen donor and
acceptor atoms approach each other to make the hydrogen
transfer easier. After the transfer, both atoms move away. The
transition state structure appears in the region with the closest
distance (see Fig. S97).

The first step produces a planar delocalized C,,-C;5 penta-
dienyl radical AA. In the second step the addition of the oxygen
molecule to Cy; can be antarafacial (with the face of the C;,-Cy5
pentadienyl system opposite to the tyrosyl radical), giving an
11R stereochemistry, or suprafacial (on the same side as the
tyrosyl radical), leading to an 11S stereochemistry. We chose
different possible starting positions of the oxygen molecule for
the attack to Cq;, as we had already done in previous work."
That C;; atom was chosen as the origin of coordinates, and the
oxygen molecules, when possible, were placed around it along
the x, y and z Cartesian axes, along the bisector axes contained
in the xy, xz and yz planes, or near them. In all, 53 initial oxygen
molecules were set close to Cy,, at distances of 2.5, 3, and 3.5 A,
corresponding to 9, 18, and 26 O, molecules, respectively. Fifty-
three QM/MM single point energy calculations were carried out
for each one. Then, the structures with the highest energies
were discarded and the most stable structures were optimized.
The optimized structures were taken as starting points to build
the potential energy profiles for the oxygen addition to C;4, the
distance O (the one closest to C;;)-C;; being the reaction

This journal is © The Royal Society of Chemistry 2020
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coordinate. Only six different reaction paths leading to the
peroxyl radical in C;; were obtained. In Fig. 6 we display these
reactions paths (labeled I to VI) according to the structure (that
is, the initial optimized position of the oxygen molecule) from
which the reaction path starts. The corresponding potential
energy barriers and geometrical information are given in Table
1. The suprafacial and antarafacial oxygen additions lead to
peroxides with R and S configurations at C,,, respectively. This
scenario is the opposite to the case of wild-type COX-2, where
the suprafacial and antarafacial oxygen attacks produce the S
and R configurations at C,4, respectively.”* On the other hand,
the potential energy barriers (7.1 to 11.2 keal mol™*) turn out to
be small in comparison with that for hydrogen abstraction
(24.8 keal mol ™).

The third step consists of the 9,11-cyclization, leading to
a Cg-radical cyclic endoperoxide. In Fig. 7 we have plotted the
potential energy profiles obtained as a function of the reaction
coordinate O-C, for the six reaction paths. Some of the profiles

AE [kcal/mol]

2.4 2:2 2.’0 1TB L6 14
roz -ca [A)

AE [kcal/mol]

2.4 22 2.0 18 16 14
ro1-c12 [A]

Fig. 10 Potential energy profiles corresponding to the formation of (A)
the 8,9- and 11,12-epoxides in a concerted way for reaction paths | and
II, but just the 8,9-epoxide for reaction paths IlI-VI, as a function of the
02 (bonded to Cg)-Cg distance taken as the reaction coordinate; and
(B) the 11,12-epoxide for reaction paths Il to VI, as a function of the O1
(bonded to Cy3)-Cy, distance taken as the reaction coordinate.
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involve two potential energy maxima. In these cases, in the first
stage the free oxygen of the oxygen molecule added to C4; has to
rotate around the C,;-O bond in order to approach C, (first
maximum) and then the 9,11-cyclization occurs (second
maximum). The potential energy barriers corresponding to the
higher energy transition state structures for each reaction path
are shown in Table 2, along with stereochemical information.
The four paths corresponding to an R configuration at Cy;
involve barriers 2-3 kcal mol " lower than the two paths with an
S configuration at C,;. Most interestingly, we have obtained (95,

View Article Online
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11R) and (9R, 115) cyclic endoperoxides, but not (9R, 11R). This
fact will have important consequences for the following mech-
anistic step.

For the fourth step we chose the distance Cg-C;, to define
the reaction coordinate for the 8,12-cyclization. When that
distance was shortened the O-O bond of the cyclic endoper-
oxide was broken in all cases. Instead of the formation of the
cyclopentane ring, a hydrogen transfer from Cy; to Cg followed
by the breakage of the O-O bond occurred, leading to the
formation of a ketone group in C,; and a radical centered at the

Fig. 11 Structure of the 8,9- and 11,12-epoxides corresponding to (A) reaction path I; and (B) reaction path IIl. Distances are given in A.

994 | RSC Adv, 2020, 10, 986-997
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other oxygen atom (the one bonded to Cy). The corresponding
potential energy profiles are displayed in Fig. 8. This process
turns out to be very exothermic, and the hydrogen transfer and
the O-O cleavage can take place in a concerted way or in two
stages, depending on the reaction path. The potential energy
barriers range from 15.5 kcal mol ™" to 25 keal mol .

Our calculations confirm the experimental finding by Brash
and co-workers,'® who found that the 8,12-cyclization does not
occur in the Gly526Ser mutant COX-2. We know that the
cyclopentane ring closure only occurs with a (9R, 11R) config-
uration,"'® but this is just the stereochemical configuration
that cannot be reached after the third mechanistic step in the
mutant, as mentioned above. The reason for that can be
understood by analyzing Fig. 9, where, for the sake of example,
we have pictured the cyclic endoperoxide corresponding to
reaction path II as a function of the C4-C;, distance at a point
before the hydrogen transfer and the O-O cleavage (Fig. 9A),
and at a point after that (Fig. 9B). As commented in Section 3.1,
in the Gly526Ser mutant COX-2 the hydrogen of the Ser526 OH
group forms a hydrogen bond (see Fig. S5t) with the oxygen
atom of the Met522 backbone (a hydrogen bond that cannot
exist with Gly526 in wild-type COX-2). As a consequence, the two
hydrogen atoms of the Cg Ser530 point towards the hydrophobic
groove where the AA w-end lies. This position makes the helix D
containing residues from 521 to 535 quite rigid and forces
Ser530 to adopt the position shown in Fig. 9A (both Ser residues
belong to that helix). As a result, the hydrogen at Co cannot be at
the same side as the hydrogen at Cy, (this is equivalent to saying
that the (98, 11R) configuration cannot be reached), and the
8,12-cyclization cannot happen. In Fig. 9B the hydrogen transfer
from C,; to Cg and the breakage of the O-O bond have already
taken place.

At this point it is clear that the Gly526Ser mutation hinders
the formation of prostaglandins because the 8,12-cyclization
does not occur, and the cyclic endoperoxide breaks. Neverthe-
less, this breakage does not experimentally take place in the way
described above according to Fig. 8 and 9B. In effect, as already
found by Brash and co-workers,' the homolytic cleavage of the
0-0 bond actually leads to the formation of 8,9-11,12-diepoxy
derivatives of the arachidonic acid. Taking the distance O
(bonded to Co)-Cg as the reaction coordinate, the 8,9-and 11,12-
epoxides are formed in a concerted way for reaction paths I and
1I (see Fig. 10A), but just the 8,9-epoxide for reaction paths III-VI
(see also Fig. 10A). The 11,12-epoxide for these last reaction
paths is formed next when the distance O (bonded to Cy;)-C;, is
chosen to define the reaction coordinate (see Fig. 10B). Anyway,
the product contains an allyl radical delocalized from Cy3 to Cys.
In all cases the potential energy barriers for the formation of the
epoxides are clearly lower than the ones corresponding to the
above-discussed O-O cleavage involving a hydrogen transfer
from C;; to Cg, so explaining the experimental formation of the
8,9-11,12-diepoxy derivatives.

Both epoxides are stabilized by interactions with several
residues like Ser526. The 11,12-epoxide is especially stabilized
by formation of a hydrogen bond with Tyr385, which, in turn, is
hydrogen-bonded to Tyr348 (see Fig. 11). As a matter of fact, the
two early maxima that appear for the formation of the 11,12-

This journal is © The Royal Society of Chemistry 2020
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epoxide in the case of reaction paths III and IV (Fig. 10B) just
correspond to the previous reorganization of Tyr385 in order to
be able to interact with the epoxide to be formed. It is inter-
esting to note that, conversely, Tyr385 does not interact with
either of the two oxygen atoms of the O-O bridge after the 8,12-
cyclization to give a bicyclo endoperoxide which occurs in wild-
type COX-2 (see Fig. S10,T derived from the calculations in our
previous work"® for the sake of comparison).

4. Conclusions

The biosynthesis of prostaglandins from arachidonic acid
catalyzed by cyclooxygenase-2 is the result of a complex mech-
anism where every residue of the cyclooxygenase active site
plays its role to achieve exceptional stereochemical and regio-
chemical control of the outcome. Unraveling these roles is not
an easy task. Particularly remarkable is the case of the Gly526
residue. Brash and co-workers*® have shown that the Gly526Ser
mutant of human COX-2 is unable to produce the 8,12-cycliza-
tion required for the formation of prostaglandin. Instead, they
found novel products that were identified as 8,9-11,12-diepoxy-
13R- (or 15R)-hydroperoxy derivatives of arachidonic acid. In
this work we have combined molecular dynamics simulations
and QM/MM calculations to shed light on the molecular details
of the effects of such a mutation.

Our results show that inside the Gly526Ser COX-2 binding
pocket, AA adopts the same “L-shaped” productive binding
configuration as the one observed in the COX-2 crystal struc-
ture,” with the AA w-end extending along the hydrophobic
groove above Ser530, and the C,; carbon atom and the C,; pro-S
hydrogen atom of AA located below and near the phenolic
oxygen of Tyr385. Then, the first three reaction steps of the all-
radical mechanism”*® can take place, leading to Cg-radical
cyclic endoperoxides, in both wild-type COX-2 and Gly526Ser
COX-2. The difference between the two cases lies in the fact that
only COX-2, but not the mutant, is able to produce cyclic
endoperoxides with a (9R, 11R) configuration, the stereochem-
istry that is required to make the 8,12-cyclization possible. This
is a consequence of the fact that in the Gly526Ser mutant COX-2,
the hydrogen of the Ser526 OH group forms a hydrogen bond
with the oxygen atom of the Met522 backbone (a hydrogen bond
that cannot exist with Gly526 in wild-type COX-2). Then, the two
hydrogen atoms of Cg Ser530 point towards the hydrophobic
groove where the AA w-end is located, in a position that hinders
the hydrogen at Co from being at the same side as the hydrogen
at Cy4 (this is equivalent to saying that the (9R, 11R) configu-
ration cannot be reached). Consequently, the 8,12-cyclization
towards the formation of prostaglandin cannot take place in
Gly526Ser COX-2. In fact, all attempts to force the shortening of
the Cg—C;, distance provoke hydrogen transfer from C;; to Cg
followed by the breakage of the O-O bond of the cyclic endo-
peroxide. Anyway, the homolytic cleavage of the O-O bond
leading to the formation of 8,9-11,12-diepoxy derivatives of the
arachidonic acid turns out to occur faster, thus explaining the
experimental findings by Brash and co-workers.'® We hope that
this work can contribute to better molecular comprehension of

RSC Adv, 2020, 10, 986-997 | 995
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the catalytic mechanism of COX-2, one of the main enzymes
responsible for inflammation processes in humans.
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Figure S1. QM region of each particular reaction step. a) 38 atoms for the H-
abstraction. b) 18 atoms for the O, addition at Cy;. c) 25 atoms for: I) both cyclizations,
the formation of the endoperoxide bridge and the cyclopentane ring and II) both

epoxidations, the formation of 8,9-epoxide and 11,12-epoxide.
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Figure S2. Evolution of the C;3 pro-S hydrogen — O(Tyr385) distance along the 100 ns

of the first MD simulation of the Gly526Ser COX-2/AA Michaelis complex.
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Figure S3. Evolution of the C;3 — O(Tyr385) distance along the 100 ns of the first MD

simulation of the Gly526Ser COX-2/AA Michaelis complex.
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Figure S4. Distance between the hydrogen of the Ser526 OH group and the oxygen
atom of the Met522 backbone along the 10 ns (equilibration) + 20 ns (production) MD

simulation of the Gly526Ser COX-2 mutant enzyme without AA.
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Figure S5. Comparison between the structure (in tan) corresponding to snapshot 1
extracted from the MD simulation of the COX-2/AA Michaelis complex (see reference
13) and the centroid snapshot (in grey) of the most populated cluster of the last MD
simulation of the Gly526Ser COX-2/AA Michaelis complex shown in Figure 4. G526S

stands for Gly or Ser for COX-2/AA or Gly526Ser COX-2/AA, respectively.



Figure S6. Comparison between the centroid of the most populated cluster (in grey)
and A) the centroid of the second most populated cluster (in orange); B) the centroid of

the third most populated cluster (in cyan).
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Figure S7. Evolution of the distances C;3 pro-S hydrogen — O(Tyr385) (red line) and
Ciy3 — O(Tyr385) (blue line) along 250 ns of the last MD simulation of the Gly526Ser
COX-2/AA Michaelis complex. The first 100 ns have already been pictured in Figure 3.

A frame has been taken each 10 ps.
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Figure S8. Evolution of the distances C;3 pro-S hydrogen — O(Tyr385) (red line) and
Ci3 — O(Tyr385) (blue line) along 100 ns MD simulation of the Gly526Ser COX-2/AA
Michaelis complex. To carry out this MD simulation, we have selected at random one
of the structures of the 20 ns MD simulation of the Gly526Ser COX-2 mutated enzyme,
and after re-introducing AA in the cavity of the mutant as explained in section 3.1 of the
main text, we have run the simulation. This new MD simulation is equivalent to the one
shown in Figure 3, but starting from a different structure and different initial velocities.

A frame has been taken each 10 ps.
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Figure S10. Structure obtained after the 8,12-cyclization to give a bicyclo endoperoxide

that occurs in wild type COX-2.
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Table S1. Distances (in A) between side chain carbon atoms of selected residues of
snapshot 1 extracted from the MD simulation of the COX-2/AA Michaelis complex (see
reference 13) or the centroid snapshot of the most populated cluster of the last MD
simulation of the Gly526Ser COX-2/AA Michaelis complex shown in Figure 4, and
selected carbon atoms of arachidonic acid bound in the corresponding active site.

G526S stands for Gly or Ser for COX-2/AA or Gly526Ser COX-2/AA, respectively.

Residue Coatom COX-2/AA Gly526Ser COX-2/AA
Cs Cs Cu Ciz Cs Cs Cu Ciz

G526S g;“’r 50 38 55 61 | 60 36 42 64
Ser530 Cg 77 64 51 41 | 54 55 36 5.0
Tyr385 C;° 78 54 43 37 | 87 70 52 3.7
Met522 Co 76 64 93 108 | 102 83 105 123
Trp387 CH, 72 58 45 56 | 73 52 56 57
CZ, 71 55 50 62 | 78 55 61 65

Leu352 CD; 49 59 59 83 | 41 48 61 69
CD, 43 47 36 59 | 53 58 82 89
Leu384 CD,° 75 52 68 74 | 106 82 85 98
CD, 76 54 68 77 | 98 73 74 82

& Czis the 4’-carbon of the benzyl ring of Tyr.

® Cg is the CH, carbon bonded to sulfur atom.

€ CH; and CZ, are carbons 5’ and 4’ of the indole side chain of Trp.

d CD; and CD; are the terminal methyl carbons of the leucine side chain.

Table S2. Distances (A) corresponding to the three atoms that directly participate in the
breaking/forming bonds for the reactant, transition state structure and product °

corresponding to the C;3 pro-S hydrogen abstraction by the tyrosyl radical.

d(C-H)r  d(H-O)r d(C-O)x d(C-Hhs d(H-O)rs d(C-Ohs d(C-H)p d(H-O)r d(C-O)e

1.09 2.43 3.28 1.34 1.23 2.57 2.78 0.97 3.74

®C, H and O stand, respectively, for C13, Hpro-s, and O of the Tyr385 radical
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