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As per the acclaimed classical mechanism, cyclooxygenase (COX) supposedly has two functional sites: an aqueous phase exposed
peroxidase (perox) site and a lipid-phase buried cyclooxygenase (cyclox) site. Peroxidative reaction of heme-Fe at perox site
forms a high-potential Compound I species, which supposedly generates a tyrosine radical within the cyclox site via an electron-
tunneling mechanism. Thereafter, two molecules of triplet oxygen are purportedly inserted into the bound lipid substrate at cyclox
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proteins and tested out in silico binding interactions with various substrates and inhibitors. We found that our ligand-docking
results and significant experimental reports in literature support a DRS (diffusible reactive species)-based murburn mechanism,
wherein the actual “oxygen-insertion reaction step” may occur beyond the physical constraints of the deep-seated active-site
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Cyclooxygenase is a murzyme!
Implication of murburn concept in immunology
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Cyclooxygenase shows multiple channels for diffusible reactive species traffic!

1. INTRODUCTION

Cyclooxygenase (COX) is a membrane-embedded heme-pro-
tein that plays crucial roles in diverse tissues and scenarios- eg.
inflammation, immune response and cancer. The enzyme activ-
ity inserts two molecules of oxygen into an unsaturated long-
chain substrate like arachidonic acid. Cyclooxygenases (COX)
are one of the most studied enzymes of medical interest as they
are the target of analgesics and anti-inflammatory drugs. Its
importance is attested by the fact that John R Vane was given
the Nobel Prize (in 1982, along with Sune K Bergstrom and
Bengt I. Samuelsson) in physiology and medicine for theoriz-
ing that NSAIDS lowered COX catalysis of polyunsaturated
fatty acids (1). COX are membrane-embedded heme-enzymes,
considered to be highly relevant in both normal cell physiology
(signal transduction) and in maladies like arthritis and cancer
(2, 3). Also known as prostaglandin-endoperoxide synthases
(PGTS), these enzymes convert arachidonic acid (AA, a poly-
unsaturated fatty acid), released due to the hydrolysis of ester
bonds of phospholipids by phospholipase A (or PLA). The
products of COX catalysis of AA are prostaglandin (4) and
other downstream eicosanoid compounds (5), the precursor
of the signaling cycloendoperoxide molecules which are re-
sponsible for pain and inflammation (e.g. other prostaglandins
like PGD;, PGE,, PGF;,, PGC,, etc.; prostacyclin/PGI; and
thromboxanes — TXA,) (Figure 1). AA is also metabolised to
form leukotrienes (LTAy4, B4, C4 & Dy4) through the action of
lipoxygenases (LOX), a membranous iron-containing enzyme.
Although known to have essential functional roles in normal
physiology (6), prostaglandins are also pain hormones and
hence, NSAIDs and other molecules which inhibit COX1/
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COX2 are used as pain killers. While thromboxanes lead to
platelet aggregation, prostacyclins prevent thrombosis and
blood coagulation and hence, have cardioprotective actions (7).

The two main varieties of COX enzymes — COX1 (PTGS1)
and COX2 (PTGS2) are structurally similar enzymes of 70-
72 KDa (8) and vary in the nature of expression in different
tissues and exert tissue-specific effects through receptor bind-
ing and signal transduction (9). While COX1 is constitutively
expressed in most tissues and is believed to serve homeostatic
functions, COX2 is inducible and expressed during inflam-
mation. Inhibition of the COX isozymes have long served
as a popular strategy for the treatment of pain/inflammation,
as exemplified by non-steroidal anti-inflammatory drugs
(NSAIDs) and other natural as well as synthetic pain killers
(10). The active COX dimer is monotopically inserted into
cellular membranes like endoplasmic reticulum (primary
site). Human COX-1 and COX-2 are homodimeric proteins
with 576 and 581 amino acid residues, respectively (11). The
catalytic domain comprises of two distinct active sites — the
perox site and the cyclox site (8). Interestingly, while the
three-dimensional structures of the two enzyme isoforms are
nearly identical, their substrate preferences (reasoned to be
owing to variations in cyclox site entry channel residues and
presence of a hydrophilic side pocket in COX2), physiologi-
cal functions and pharmacological actions are understood to
be dissimilar (12).

The enzyme supposedly has a Janus (a Roman mythologi-
cal god of gateways, with two faces) like facet, with two
‘active sites’, a larger (and cave-like) distal heme pocket that
opens into the aqueous milieu and (13) a proximal pocket
containing Tyr385 that opens towards the membrane via a
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very narrow channel (schematic is shown in Figure 2, and
other COX-structural images in the later part of the manu-
script). In the classically acclaimed mechanism, the distal
heme site (called herein as perox site, pocket towards the
aqueous milieu) acts as a classical peroxidase that directly
uses hydrogen/organic hydroperoxides via a 2e mechanism.

Going via Compound I formation, this process also generates
a tyrosine radical at the narrow channel connected to Y385
from the lipid phase (called herein as cyclox site), which acts
as an electron or hydrogen atom abstractor that ultimately
inserts two molecules of dioxygen at two distinct loci of
AA, the 20 carbon long fatty acyl substrate (Figures 1 and
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(At cyclox site) om (At perox site) & - Product of Perox site
Arachidoni " product of Cyclox site I
racniaonic "
acid (AA) |
— D & e
»
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Figure 1. The relevance of COX in the physiology of pain/inflammation signaling. The cascade of enzyme activity is inhibited
by NSAIDs, which stop the conversion of A4 by COX. LTC4, a product of the LOX (lipoxygenase) pathway, is not a product of
COX enzyme action. PGG,, PGH>, PGI, and TXA; are structurally similar entities and hence, there may not be marked distinction
in their binding affinities for cyclox/perox site. The compounds shown here are the substrates which were explored as substrates
in the molecular docking studies. LTC 4 was chosen as a negative control, as it is a product of LOX action which is not expected
to bind to COX proteins. TXA; is a “downstream product”, as it is generated from PGH.
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Figure 2. The acclaimed catalytic mechanism of COX enzymes. The enzyme is supposed to use four substrates, two each at each
of the active sites. The second step of PGG) reaction at perox site (i.e. step 2 of Figure 1, forming PGH;) is not included here.
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2). Addition of one O, molecule by cyclox site at C13 leads
to formation of an endoperoxide product, PGG; (product of
cyclox site and substrate of perox site), which also contains
a hydroperoxide (through the addition of yet another O,
molecule). This molecule is converted to PGH», the final
product of COX1/COX2 action, at the perox site (14). Down-
stream and tissue-specific products of PGH, such as PGD»,
PGE,, PGF,,, PGI; (Prostacyclin) and TXA; are generated
subsequently. For both these peroxidase and cyclooxygenase
activities, the heme cofactor is essential.

Via our earlier explorations, we have mooted murburn
concept as a fundamental principle of life (attesting that DRS
plays obligatory roles in diverse routine physiology) (15, 16)
and that several soluble and membrane-embedded redox-active
proteins could also work in a similar way (17-24). In connec-
tion with this pursuit, in a paper published a few years ago (25),
we revisited the known structural aspects of COX enzymes
and analyzed the currently accepted mechanistic aspects of
its enzymatic role (depicted in Figure 2). AA is liberated
through PLA, action in the membrane and enters the cyclox
site. Discussing the various aspects involved (25): (a) roles of
tyrosine radical versus DRS (diffusible reactive species), (b)
observations of mutant proteins on the roles of tyrosine, (c)
available evidence for DRS dynamics in cyclox activity, etc.,
we had found multiple reasons for projecting that COX enzyme
may in fact be a murzyme (defined as proteins that generate/
recruit DRS for routine activity). That is: COX enzymes work
via not just active site binding-based mechanisms, but also
with the intermediacy of oxygen centered radicals and singlet
oxygen (collectively called as DRS). When a simple query was
presented to the online portal of ChatGPT, worded as: “What
are the unsolved aspects of cyclooxygenase catalytic mecha-
nism?”, it gave the following summary statement: “While
much is known about the basic catalytic mechanism of COX
enzymes, several aspects remain unsolved. These include the
detailed peroxide activation mechanism, substrate specificity,
allosteric regulation, isoform-specific functions, interactions
with other proteins and lipids, precise mechanisms of NSAID
inhibition, roles in various diseases, and the identification of
alternative pathways and metabolites. Further research in
these areas is crucial for a more comprehensive understanding
of COX enzymes and their implications in health and disease.”
Notwithstanding our orientations and backgrounds, this fore-
ground presented by modern day “artificial intelligence” justi-
fies our pursuit. We avail evidence for DRS generation/usage
from literature in COX system (both COX-1 and COX-2) and
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use molecular docking studies herein for analyzing the bind-
ing of substrates, metabolites and modulators (inhibitors and
activators) to the isoenzymes COX-1 and COX-2. To explain
COX catalytic mechanism, we propose that it is a murzyme that
employs DRS, and thereby, its physiological role is holistically
better explained by murburn concept.

2. MATERIALS AND METHODS

In order to check the binding affinity of cyclox site inhibitors
with cyclooxygenase, crystal structures of 7 COX enzymes
from mammalian sources (both COX1 and COX2) were taken
from RCSB protein data bank (1CX2, 1EBV, 3KK6, 3N8&Z,
5F1A, 5KIR). LogP (a partition coefficient; logarithm of the
ratio of concentration of the compound in octanol and water
phases) of a hydrophobic compound is positive whereas a
negative value of LogP indicates that the molecule is hydro-
philic. ADMET-SAR 2.0 (26) and MedChemDesigner 5.5
software (www. simulations-plus. com) were used for pre-
diction of LogP, The molecular structures of 11 well-known
COX inhibitors (which are known to bind to the cyclox site)
chosen for this study are depicted in Figure S1. The struc-
tures of these molecules were downloaded from PubChem
for using AUTODOCK (27), in molecular docking studies.
Docking was carried out by considering the AA binding
amino acid residues of the cyclox site. Receptor structures
were obtained from the PDB complexes by selecting a sin-
gle protein subunit and removing all water and co-factor
molecules. All heteroatoms (including heme) were removed
from the chosen COX1 and COX2 proteins to minimise any
interactions between heme iron with the ligands, as this could
affect blind docking results. AutoDockTools was used to add
hydrogens, calculate Gasteiger charges, and generate PDBQT
files. Grids were prepared to accommodate the amino acid
residues reported in literature for the cyclox site (mainly, AA
interacting residues) and the entire perox cavity was taken
for grid docking. The default grid spacing value of 0.375A
was used, which is about a quarter of the length of a carbon-
carbon single bond. Dockings on the whole dataset were run
with default LGA settings (10 poses generated). The output
was analyzed using ChimeraX and PyMol. TPSA and other
molecular properties of substrates and inhibitors chosen for
docking studies were determined. The binding affinity of the
compounds (substrates and inhibitors) was compared using
both blind docking and grid docking approaches. All other
procedures/details for molecular docking are as given in a
previous publication (20).
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3. RESULTS AND DISCUSSION

Before interpreting the results obtained in this study, the
reader is advised to peruse the elaborate explorations our
group carried out (theoretical, in silico and experimental)
with diverse heme-peroxidases (28) and membrane-embedded
cytochrome P450s or CYPs (29, 30), which established
the murburn mechanism for physiological heme-enzyme
functioning. Therein, we had shown that diverse molecules
could get converted by the heme enzyme without the former
gaining access to the active site [wherein the native oxidation
state is Fe(IIl)]; also, reasoning that rather than going via a
two-electron mechanistic cycle involving an enzyme-centric
Compound I [logically akin to an Fe(V) species], the enzyme
could also recycle via a one-electron [Fe(IIl)-Fe(IV) species]
scheme with the involvement of DRS. These findings are very
relevant for understanding and explaining the current results
and mechanism of COX enzymes. The most salient aspect of
our earlier explorations of peroxidase structure-function is
that DRS are not merely futile and accidental by-products of
oxygen metabolism by heme enzymes, but are central to the
cellular metabolic chemistry (16, 22, 28, 30).

3.1. Revisiting the structure-functional aspects of
classical COX mechanism
Herein, we mostly present images with the human COX isozyme
structures in the main manuscript and depict images of the
mammalian counterparts in the Supplementary Information.
However, some figures dealing with murine COX are also in-
troduced into the main manuscript, as crystal structure with AA
embedded within the cyclox site is only available in this system.
COXI1 and COX2 are often 3-4 N-linked glycosylated di-
meric proteins. Each monomer of the functional dimeric enzyme
contains three prominent domains: epidermal growth factor
domain (residues 34-72), membrane binding domain (residues
73-116) and the catalytic domain, which is comprised of the
rest of the ~570 odd amino acid structure. Both COX isoforms
are almost superimposable, possessing very minor structural
differences and sharing a sequence identity of 60%. While AA
is an achiral substrate, the product of cyclox site — PGGy, is a
bicyclic endoperoxide which contains five chiral centres (31).
The substrate — AA and other fatty acid substrates are deemed
to be positioned very close to the conserved Y385 residue. AA
binding and subsequent positioning in the productive pose then
leads to abstraction of a 13-proS H-atom by Y385* (tyrosine
radical). The oxidant at the perox site can be any of the three
— hydrogen peroxide, an alkyl hydroperoxide, or peroxynitrite
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(32). An alkyl hydroperoxide (ROOH) substrate, when bound
to the perox site, oxidises heme iron to cause formation of a
Compound I radical (subsequently leading to the release of
ROH/PGH),); further one-electron oxidations of peroxidatic
substrates lead to regeneration of heme. Y385* is supposedly
generated when it transfers an electron to Compound I, similar
to that of heme peroxidases (33). Y385* causes the generation
of an allyl radical of AA, which attracts molecular oxygen to
form the cyclic endoperoxide (34). The transfer of an electron
to generate the Y385* in COX1 (and correspondingly, Y371 in
COX2) is considered to occur through electron tunneling. The
cyclox entry channel is just 6-8 A wide and the L-shaped cyclox
cavity is~25 A deep, while the heme cavity (perox site) is much
broader (35). The crystal structure of substrate (AA)-bound
mCOX2 is shown with the N-glycosylation sites in Figure S2
(PDB ID: 3HSS). One peroxidase turnover event supposedly
generates the catalytic tyrosine radical and this makes the cy-
clooxygenase reaction (with synchronous action of both perox
and cyclox sites) self-perpetuating (11, 12). Apparently, only
one of the monomers (of both isoforms) contains heme, while
the other monomer (that is devoid of heme) supposedly serves
an allosteric role. An intriguing perception in the field is that
the efficiency of AA bound to one of the monomers is depend-
ent on the nature of the competing fatty acid bound within the
allosteric monomer (36). One wonders why this mechanistic
necessity should arise or be conserved across the systems. The
finer details of the erstwhile mechanism of COX enzyme action
can be accessed elsewhere (12, 34).

3.2. Partitioning profiles of substrates, products,
control molecules and their docking/binding at the
cyclox/perox sites of COX

Both substrates and inhibitors are known to gain access to the
secluded (and membrane-oriented) cyclox site from within
the membrane (37). As the logP value for AA is >6 (Table S1,
Supplementary Information), the vast majority of the limited
amount of arachidonate (released by PLA action) would re-
side in the lipid phase. As the openings to the cyclox site lies
in the extra-membrane aqueous region of COX (Figure 3),
the propensity for the bulk lipid-phase AA to diffuse into the
constrained cyclox site would be miniscule. (Contextually,
the observation of X-ray crystal structures of murine COX
with AA located inside the protein’s cyclox site has very lit-
tle relevance, as such structures are obtained with unrealistic
protein-ligand mixtures that are kept over long time, and after
subjecting the mixture to gradual removal of water!) Also,
PGG; & PGH; (logP > 4), would prefer to reside majorly in
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Figure 3. Analysis of general structure and cyclox-perox sites of cyclooxygenases. A. Ribbon structure of mouse COX2 (PDB
ID: 3HS5) showing the residues involved in AA binding (red), bound AA (green) and the heme (blue). B. Superimposed residues
involved in AA binding; orange sticks — human COX1 (PDB ID: 6Y3C) and blue sticks — human COX2 (PDB ID: 5F1A4). The
green stick is AA bound to the superimposed structure of mCOX2, whose residues are hidden and only AA is shown to give a
perspective of AA binding to the cyclox pocket of the two enzymes. C. The hCOX residues involved in AA binding are coloured
by atom (N-blue, O-red and the entire heme ring is coloured red). The residues marked yellow are different in COX1 and COX2
(only atoms of COX2 are shown). Except for one residue which is different between hCOX1 and hCOX2 among the active site
residues (I/V523), there is not much of a difference in the AA binding pocket. D. Analyses of cavities in hCOXI and hCOX2 — The
cavities and openings on the protein surface were compared for the two proteins. The narrow cyclox channel opens into to a wide
hydrophobic pocket which leads to a few miscellaneous channels which also open into the common pocket. These miscellaneous
channels may not allow movement of PGG out of the protein, and hence, the product of the cyclox site can only leave through
the same entry channel. The perox cavity is a much larger, cave-like pocket containing heme. There does not seem to be any
connection between the perox and cyclox site, but DRS can percolate through the protein. These features are quite akin to the
DRS-channels in the heme-thiolate drug-metabolizing enzymes, cytochrome P450s (48).
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the lipid phase rather than the protein’s hydrophilic perox ac-
tive site that is exposed to aqueous milieu. According to the
conventional hypothesis, the organic hydroperoxide PGG;
must bind directly to heme iron in the rather hydrophilic and
water-accessible perox cavity (38, 39). For the realization
of the proposal above (since there exists no direct route for
PGG; to wade through the back of the cyclox site into the
perox cavity), the interim product must deterministically exit
the cyclox site the same way it entered, and then perhaps exit
the membrane — and finally, make its way around the protein
surface to access the perox site, via the aqueous phase (38).

The primary substrate AA (of cyclox site; the starting
material for COX catalysis), intermediary substrate/product
PGG; (product of cyclox site and substrate of perox site), final
product PGH; (the product of perox site and overall COX
catalysis), and downstream tissue-specific products (PGI, /
TXA,/PTC) were docked to both cyclox and perox sites. Ide-
ally, AA binding at cyclox site and PGG; binding to the perox
site must be favoured, as these are the respective substrates
for the corresponding sites of the COX protein’s classical
catalytic cycle. The rationale is that substrate binding should
theoretically have lower AG values than product molecules.
Also, the control products of COX catalysis — leukotrienes,
thromboxanes and prostacyclins (which are not substrates of
cyclox site but are downstream products of the inflammation
pathway), would not be expected to show significant binding
at the active site (40). From literature, it can be seen that AA
purportedly adopts an L-shaped binding pose within the con-
strained cyclox site (41). Quite contrary to such expectations of
classical perceptions (40), we found that (Table 1 & Table S2):

(1) AA did not dock to cyclox site,

(i1) except for sheep COX1, PGH; docked to both cyclox
and perox sites in all COX proteins,

(ii1) except for human COX2, effective differentiation of
PGG; over PGH; could not be established at the perox site,

(iv) except for a human COX2, all COX proteins showed
effective binding of PGH, to the cyclox site,

(v) there existed considerable variations in the binding/dif-
ferentiation ability of substrates/products of COX1 or COX2
across the species,

(vi) discernible differentiation could not be obtained for
substrate/product docking profiles of the human COX1 versus
COX2, and

(vii) the downstream products of PGH; metabolism (con-
trols) showed significant and non-discernible binding prefer-
ences/variations.
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Table 1. Grid-centered docking data of substrate and product
molecules with various COX enzymes (higher relative affin-
ity of a given ligand for a given COX is highlighted in bold)

. Perox site Cyclox site
Protein Ligand
N . 9 AG Kqd AG Ky
(kcal/mol) | (uM) | (kcal/mol) | (uM)
3Kkke | N ) ) ! '
PGG, 6.5 17.2 9.2 0.1
(sheep)
PGH, -7.3 4.0 -6.5 153
1EBV PGG, - - -9.3 0.1
cox1 | (sheep) | PGH, - - 94 | 01
3N8Z PGG; -7.0 5.2 -7.3 4.2
(sheep) | PGH, -7.3 42 -6.6 13.6
6y3c | PGGy | -85 05 6.1 | 337
(human) | PGH, -8.3 0.8 -8.4 0.7
5KIR PGG, -7.6 2.3 68 | 104
(human) | PGH, -6.5 153 -3.4 3050
ox2 S5F1A PGG; -9.4 0.1 -7.8 1.6
(human) | PGH, -8.2 1.0 -8.0 1.3
1CX2 PGG; -7.3 39 -7.1 6.2
(mouse) | PGH, -8.7 0.4 -6.8 10.4

These results question the classical active site mediated
catalytic logic, but may be explained by murburn mechanism.

Almost all fatty acid substrates, including AA, are presumed
to adopt the L-shaped contorted structure within this binding
pocket involving almost the same residues in both COX1
and COX2 (12). Within the same dimeric crystal structure of
mCOX2 — 3HS5 (Figure 3), AA adopts two different poses
within two different monomers, one favourable and another
unfavourable (42). Favourable AA binding to the cyclox site
involves multiple non-covalent interactions, with the proximal
(involving C-atoms 1-7 of AA), central (C-atoms 7-15 of AA)
and distal (C-atoms 15-20 of AA) atoms interacting with a set
of'amino acid residues of COX enzymes. As COX1 is known
to possess a smaller cyclox site, it supposedly favours majorly
AAbinding, while COX2 is able to bind to and catalyze other
diverse fatty acids like linolenic acid, linoleic acid, EPA (ei-
cosapentanoic acid) and DHA (docosahexanoic acid) owing
to its roughly ~20% larger active site (43, 44). However, since
most of the active site residues are almost identical in both
isoforms, it is plausible that there would be no large differ-
ences in substrate binding preferences of COX1 and COX2
(Figure 3 and Figures S4-S6). Interestingly, DHA adopts the
same L-shaped conformation and almost the same binding
pose as AA, and is still a poor substrate (35). Among the 24
odd residues distributed within the active sites of both COX1
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and COX2, 1523 is present in COX1 and the slightly bulkier
V523 side chain is seen in COX2 cyclox active site. This
factor is attributed to be responsible for the substrate binding
discrimination of the two enzymes (45). [[Other than this, the
active site amino acids of both the enzymes are identical; the
residues involved in AA binding that are present within the
cyclox cavity are L117, R120, F205, F209, V344, 1345,Y348,
V349, 1352, S353, Y355, L359, F381, L384, Y385, W387,
F518, 1/V523, G526, A527, S530, L531, G533 and L534
(46).]] While comparing the aligned key active site residues
of COX-1 and COX-2 from different mammalian sources
(Figures S4-S6) and in comparison with earlier literature (47),
it is clear that there are only minor active site volume as well
as electrostatics variations within the cyclox pocket. There is
a deep labyrinth within cyclooxygenases, which has not just
the membrane-embedded cyclox channel, but also contains
other alternative channels, whose functioning is not known
(Figure 4). COX1’s narrower entry channel (with residues such
as 1434, H513 and 1523, COX2 has V434, R513 and 1523) is
compared with the slightly wider COX2 channel and adjoining
sub-pocket (Figure 5). These differential aspects of hCOX1
and hCOX2 active site channels/peripheries and substrate
positioning are compared in Figures 3, 4 & 5 and Figure S3.

Several fatty acids with varying chain lengths, number of
cis-double bonds starting at differing carbon atom number
(starting from the non-carboxy end!) like: arachidonic acid
[AA 20:4 (n-6)], eicosapentanoic acid [EPA 20:5 (n-3)],
dihomo-gamma-linolenic acid [DGLA 20:3 (n-6)], alpha-
linolenic acid [ALA 18:3 (n-3)], linoleic acid [LA 18:2 (n-6)],
mead acid [MA 20:3 (n-9], docosahexanoic acid [DHA 22:6
(n-3)] are metabolised by COX enzymes. It is impossible to
envisage how these diverse molecules could all bind to the
cyclox-site and get specifically and selectively inserted with
diatomic oxygen. But if we imagine them transiently docking
or approaching them near the various apertures of the DRS-
channels we point out herein (Figure 4), then the catalytic
mechanism becomes highly accommodative of the observa-
tions seen in physiology.

Apart from AA (shown at 3 O’clock position in Figure 7),
the unsaturated fatty acids such as EPA (eicosapentaenoic acid)
(35), AA (arachidonic acid, the most popular substrate), GLA
(v-linolenic acid) (50), DTA (docosatetraenoic acid) (51, 52),
DH-GLA (dihomo-y-linolenic acid) (51), LA (linoleic acid)
(53), ALA (o-linoleic acid) (53) and DHA (docosahexaenoic
acid) (35) are known to act as substrates of COX enzymes.

It can be seen that the double bond from the acidic carbon
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moiety (the stabilizer of binding of the substrate, by virtue
of forming a salt-bridge with arginine at the entrance of the
cyclox-site channel) is located at various lengths (3 to 8 sp?
bonds!) from the olefinic carbon (the site of attack). Not
only that, the double bonds and the fatty acyl chain length
vary considerably among the substrates, all of which cannot
enable a favorable positioning of the substrate close to the
purported Tyr385 residue. In the table shown in SI materials
(Table S3), the details of fatty acids that were reported to act
as substrates and inhibitors are presented. Some of these fatty
acids are deemed to be “allosteric modulators” of COX func-
tion (54). These fatty acids are structurally diverse in aspects
such as — carbon chain length, number of double bonds, omega
type (3/6/7/9), etc (Table S3). It is asking for an inexplicable
super-intelligent enzyme to bind to such diverse fatty acids
and subject itself through the most extraordinary induced-fit
type of mechanism to enable the improbable positioning of
substrates close to bonding distance with the purported Tyr385
residue. It is also asking for yet another marvelous mechanism
to imagine that once the first oxygen molecule gets inserted,
the substrate somehow moves or the enzyme reorients itself
to insert oxygen on another site of the substrate. On the other
hand, it can be easily envisaged that non-specific binding/
presence of the fatty acids close to the DRS-apertures of the
COX proteins (Figure 6) could enable them to get converted
via murburn chemistry, and this could also explain the inhibi-
tory effects of other fatty acids.

3.3. Meta-analysis of literature data on COX and its
mutants

We surveyed the voluminous data on COX and its mutants,
and attempted to make holistic sense of its function.

a) Mutation/alteration of residues involved in catalysis and
substrate/inhibitor binding

A salient aspect that begs attention is the mechanism of tyros-
ine radical generation from AA. There are over 27 tyrosine
residues in both COX1 and COX2, and two tyrosine residues
are located very close to the heme centre — a) Y385, which
is 12.6 A away and b) Y409, which is merely 10 A from
heme, and is located in the heme cavity. Another aspect is
the arginine (R120) residue at the mouth of a channel. Mu-
tagenesis or modification of several other tyrosine residues
in COX enzymes yielded quite interesting results. Treatment
of cyclooxygenase with tetranitromethane led to nitration of
tyrosines and abrogation of cyclooxygenase activity. However,
treatment with competitive inhibitors of cyclox activity, such



Re-interpretation of structure-function correlations and inhibitions of mammalian cyclooxygenase ... 79

alt.

channel2

AA entry

alt. channel 3 channel

Figure 4. AA entry channel, internal cavity labyrinth and alternative channels. While the labyrinth in mCOX2 (PDB ID: 3HSS5)
was made transparent, the mouths of the channels were not made transparent. The AA bound inside is shown as a yellow stick
and the critical Y385 residue is coloured magenta. In all these channels and within the labyrinth, several narrow constrictions
can be seen, which can limit the movement of the substrates, products and inhibitors. The AA entry channel is very narrow and
is constricted, but the alt. channel 1 is not; this channel leads to the membrane side, but is not likely to be associated with the
membrane like the AA entry channel is. The other two alt. channels 2 and 3 open into the dimeric interface. AA and its product,
PGG); could be hindered by the amino acid side chains within this twisted cavity. Such a feature would be useful only for DRS-
dynamics in murzymes.
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Figure 5. Analysis of access channel and side pocket residues of cyclox sites of hCOXI and hCOX2. The cyclox active site
access channels and side pockets of hCOX1I (left) and hCOX2 (49) are depicted. A. In hCOXI, the atoms of the side chains of
1523 (green spheres), H513 (cyan spheres) and 1434 (yellow spheres) are shown. B. At the same positions, the variable amino
acid residues of hCOX2 are shown — V523 (purple spheres), R513 (red spheres) and V434 (blue spheres). In both A and B, Y385
is coloured as a magenta stick and R120 is coloured as a red stick. The variable V/I523 is not shown.
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A. AA bound in the correct orientation in mCOX2
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Figure 6. AA binding in mCOX2 (3HSS5) — In the crystal structure of mCOX2, AA had bound to both monomers in the correct
(panel A) and incorrect orientation (panel B) within two different monomers of mCOX2 (3HS5). The images within the boxes

show comparison of COX1 and COX2 cyclooxygenase surfaces at the Cyclox and Perox cavities. When comparing the hCOX1
and hCOX2 surfaces (C and D), the hydrophobicity of hCOX2 cyclox channel is higher than that of the hCOXI cyclox channel.

as ibuprofen and indomethacin, prevented tetranitromethane-
induced inactivation (55). These findings suggest that ibu-
profen and indomethacin competed with the DRS, and their
presence in the reaction mixture (along with COX) offered the
escape from the tetranitromethane reaction.

When the critical Y385 residue was mutated to phenylalanine,
there was 0% cyclox activity and intriguingly, even the perox ac-
tivity diminished by almost 43%. Moreover, three tyrosine resi-
dues, Y355,Y385 and Y417 were also mutated to phenylalanine
in that work (55) [in agreement with the popular six-step “all
radical” mechanism given by Hamberg and Samuelsson (12)];
and the mutants showed various levels of loss of cyclox activity
and gain/loss of perox activity. However, another group reported
that Y385F mutant of COX1 did not abolish the peroxidase
activity of the enzyme and affected only the cyclooxygenase
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activity (56). Such observations do not consistently support the
erstwhile mechanism. Very dramatic alterations in the lifetime
of tyrosine radical were observed with addition of cyclox site
inhibitors such as nimesulide (>10 hrs.), flurbiprofen (48 min.),
etc. (compared to ~4 minutes in the control). In the same study,
substoichiometric levels of nimesulide were found to elevate
the lifetime of tyrosine radicals; additionally, another tyrosine
radical, Y504, was detected in the presence of nimesulide (57).
These observations seem to suggest a delocalised and DRS-
mediated mechanism for tyrosine radical generation, per se! In
our viewpoint, the lifetime of the DRS generated at the heme
site (or the DRS entering the cyclox site) could be prolonged
by tyrosine radical formation.

The amino acid side chains of R120, S353 and S530 are sup-
posed to facilitate AA binding whereas R120, E524 and Y355
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Figure 7. Structure of some known fatty acyl substrates of COX enzymes.

are considered important for normal cyclox activity (58). The
arginine group of R120 presents a positive charge which forms
a salt bridge with E524, and also stabilises the carboxylate head
of fatty acid substrates. Mutation of R120 (R120K, R120Q
and R120E) affected COX-1 activity, leading to increase in
Ky and significant loss of activity. When 20 odd residues
interact (Figure 6), it is inconceivable how R120 located at
the entry of the channel would so significantly affect cyclox
activity. The explanation that modification of R120 disrupts
the stabilization of COO" group of fatty acid substrates (59)
is questionable. When R120 was mutated to lysine (R120K),
Ky increased 20 folds and cyclox activity decreased by 85%
(12, 58). Ideally, if charge stabilization involving R120 was so
crucial, R120K mutation should not have significantly affected
cyclox as lysine could substitute for arginine. Besides, R120
is at the entry channel and far away from the tyrosyl radical
which is placed almost 20-25 A deep inside the cyclox cavity.
With the omega end of the fatty acid going into the active site,
the hydrophobic interactions would not be majorly affected.
This is just one of the many examples of mutations in several
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sites of the enzyme — entry channel, lobby, proximal, central
as well as distal pockets which have been studied in the COX
systems. The lobby region (lying close to residues 70-110) is
demarcated from the active site by three prominent residues
—R120, Y355 and E524 (60). Free COX enzymes (which do
not have any ligand) seem to have a closed active site entry
channel (as indicated by crystal structure of uninhibited mouse
COX2, PDB ID: 5COX). The image shown in Figures S7
reveals the ‘closed’ cyclox active site channel; however, the
mouth is presumed to open up to accommodate substrates
and inhibitors. V89 of the lobby region, which is located at
the mouth of the cyclox channel, was found to be crucial for
the entry as well as exit of some inhibitors (61). One more
interesting fact is that the crystal structures of substrate bound
as well as free COX enzymes (both COX1 and COX2) show
no major changes in protein conformation (62). Hence, there
does not appear to be any dynamic flexibility for the enzyme
to accommodate substrate/inhibitor molecules. Moreover,
several mM concentrations of drug molecules as well as fatty
acid substrates are added to obtain ligand complexes of COX
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proteins for NMR, mass spectrometric and X-ray diffraction
studies (54, 63). Other non-physiological molecules are also
added to induce crystal formation (64) and hence, ligands are
“forced” to bind to the protein. These data, therefore, may not
reflect the exact mechanism by which redox enzymes such as
cyclooxygenases act in the physiological realms, wherein AA
would be available at very low concentrations.

The mutation of a glycine residue to serine (G526S) far away
from Y385, located at the mouth of the cyclox, channel led to
formation of products other than prostaglandins, which lacked
the cyclic endoperoxide (65). This does not sit well with the
conventional hypothesis. Even more perplexingly, the results
of certain sheep COX1 mutants from a study demonstrate that
single and combination mutations of certain amino acid resi-
dues which are unrelated to Y385 also cause drastic decline or
enhancement of AA oxidation reactions (53). In this interesting
work, against the oxidation rates of 100, 15 and 44 observed
for AA, EPA and LA (respectively) for the WT ovine COX2
enzyme, F205A mutation led to just 28, 7.5 and 3.5% rates. The
double mutant of V349A/S353T yielded just 3, 0 and 0 oxy-
genation rates for AA, EPA and LA, respectively. F381 A mutant
exhibited 4, 2.6 and 0.88 (respectively for the three substrates in
the order given earlier) and oxidation of all three substrates was
abrogated in the W387L mutant. Even more bizarre is the fact
that in the Y355F mutant, AA oxidation rate was 193 (almost
double of WT) and W387F mutation increased AA oxidation
by four folds! The relative positions of these residues in human
COX1 are indicated in the Supplementary Figure S8 (relative
to the position of Y385). While on average, there are around
3% tyrosine residues in proteins, there are 27 tyrosine residues
in COX proteins (Figure S9) and this is almost 4.5% of all the
amino acids. These data question the root assumptions of the
classical proposal wherein the substrate interaction occurs only
at the tyrosine-centered active site. They could be reasoned with
the postulation of involvement of DRS-dynamics, as espoused
by murburn model for heme-enzymes.

b) Mutation of Asn residue involved in glycosylation

When a critical N580 residue was mutated in COX2, the cy-
clooxygenase activity of the enzyme increased by five times
that of the WT enzyme (66). This residue is located on the
surface, and it may not affect the association of the enzyme
with the membrane, as it is far away from the membrane
domain region. This N580 mutant COX2 (N581 in the ana-
lyzed crystal structure of hCOX1) was also found to be less
susceptible to inactivation by COX2-specific inhibitors (67).
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Figure S10 shows that the N581 residue is nowhere near the
cyclox channel and therefore, the mechanism by which mu-
tation of this residue enhanced enzyme activity almost five
times is very puzzling. Such observations are inexplicable
with the conventional hypothesis, as the site of cyclooxygenase
oxygen-insertion activity occurs within an active site that is 25
A deep. In the murburn purview, oligosaccharide chains pre-
sent on enzyme surfaces can modulate DRS and thereby, can
modulate cyclooxygenase reaction outcomes; the conventional
hypothesis does not offer any clear explanation. Mutation of
N-linked oligosaccharide attachment residues — N181 and
N197 (and T183 as well as T199) on the prion protein PrP¢
caused it to scavenge DRS poorly, and sensitised HeLa cells
to apoptosis (68). Thus the murburn model also explains pan-
systemic observations of a similar kind.

3.4. Binding/effect of inhibitors

Pharmacological agents which act on COX systems are clas-
sified into the following categories: COX1 specific, COX1
preferential, non-selective (act both on COX1 and COX2),
COX2 preferential and COX2-specific. The classification
of the 11 inhibitors chosen in the current study (33) and the
data obtained herein for docking affinity are shown in Table
3 (and the ratio of impact on COX1 and COX2 activities are
given in Supplementary Information). The pharmacokinetics
properties of the chosen COX inhibitors are given in Table S4.
Many cyclooxygenase inhibitors reportedly bind deep into the
cyclox site, as demonstrated by crystal structures (as well as
molecular docking studies); they do not merely dock into the
cyclox channel, as demonstrated by the amino acid residues
which dock flurbiprofen and ibuprofen (1). These inhibitors
were shown to interact with Y385, S530, W387, E524, R120
and Y355 — some of the very same key active site residues of
the cyclox site involved in fatty acid substrate binding. While
some reports argue that carboxylate groups of inhibitors hydro-
gen bond to R120, a methyl ester derivative of indomethacin
was much more potent against an R120A mutant, than against
WT-COX2 (69). If the classical classification mechanism were
operational, R120 mutation should abrogate AA binding and
catalysis in the protein. (One wonders why this experiment
was carried out if R120 was that crucial!) Results from such
studies only demonstrate that mutations of particular amino
acid residues do not concretely establish the exact mechanism
of COX enzyme action. Interestingly, even acyl coenzyme A
conjugates of ketoprofen inhibit cyclooxygenase by binding
to the cyclox active site (70). Oddly, though many cyclox
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Table 3. Grid docking to cyclox site — inhibitors binding to mammalian COX1 and COX2 proteins. Keeping 100 uM as a cut-

off value for discriminating as good vs. poor binders, the combinations of receptor-ligand with poor K; values determined are

marked in asterisk whereas the ‘dollar’ superscript highlights depict discordances in preferential binding to either COXI or
COX2 (that is not expected, based on the class of the concerned inhibitor).

COX1 Ki (uM) COX2 Ki (uM)
Ligand 1EBV, 3KKe6, 6Y3C, 5F1A, 5KIR, 4PH9, 1CX2,
BT GEIEE) sheep sheep human human human mouse mouse
CcB* 5.7 1.0 0.1 - 87.0° 1.0° 195.0% 19.1%
RCB* 0.2 0.2 0.1 0.8 26.7° 1.0° 72.3% 6.8°
VCB? 0.1 0.3 0.2 - 40.4% 1.0° 178.0% 47%
NMS* 3.8 0.2 1.5 2.0 329.5% 3.9% 45 539.0%
MXM# 1.0° 1.6° 14.7° 0.4 73.3% 5.7% 74.5% 25.0
NBM* 0.5 0.8 16.5 2.3 808.0% 0.3 43 102.0*
DCF* 95.0° 1.8° 16.0° 1.8° 221.0% 11.3% 73.6° 28.0
SDs* 6.7 0.6 33 - 70° 4,0% 15.7° 363.6%
PXC® 2.2 1.5 42.7° 0.2 624.0% 1.0° 7.0% 25.0°
IMC& 34.0° 0.1% 4.8° 0.1 134.0% 1.8° 90.3° 539.0%
NPXe@ 3.6 1.0 24.0 1.9 19.5 7.0 185 308.6*
Key:

# COX2 specific/preferential drugs
COX1-preferential drugs
&COX1-specific drug
@non-selective (inhibits both)

CCB - celecoxib
RCB - rofecoxib
V(B - valdecoxib
NMS - nimesulide

site inhibitors interact with and bind to the same pocket, their
inhibition constants vary dramatically (71) (and its correlation
to the experimental inhibitory effect also, as demonstrated in
ICs0!); and the only explanation afforded is their ability to bind
to and interact with a bunch of amino acid residues.

It is notable that all the molecules docked well to the cyclox
entry site in COX1, while some COX2-specific inhibitors
(shaded in red) docked poorly to COX2 (Figure S11). For
example, indomethacin binds via a two-step mechanism of
slow and tight binding to both COX1 and COX2, but is not
supposed to bind favorably to COX2 (1); while this expected
trend is seen for three of the four mammalian COX2 recep-
tors, a Kj of 1.8 uM was obtained with human COX2 (5KIR).
Nimesulide, along the expected lines, bound well with one
structure of mouse (4PH9) and human (5KIR) COX2, but it
bound very poorly to the other two COX2 proteins (1CX2 and
SF1A) studied. The binding sites and interactions from the
docking results for COX inhibitors studied in this work are
presented in Table S5A-E. Both blind and grid docking studies
were carried out and the results for blind docking are given in
Table S6. Researchers often use ratios of COX2:COX1 inhibi-
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MXM - meloxicam
NBM - nabumetone
DCF - diclofenac

SDS - sulindac sulfide

PXC - piroxicam
IMC - indomethacin
NPX - naproxen

tion (Table S7), as most of the cyclox inhibitors are known to
inhibit both proteins in different proportions. The molecular
docking results suggest that researchers are either overlooking
data or abiding by consensus imposed with partial explorations,
quite like the cytochrome P450 research field (30, 72). Once
again, binding to the active site does not fully explain why or
how these inhibitors specifically or preferentially inhibit either
COX1 or COX2, or both. More likely, it appears that various
molecules could wedge themselves into the narrow channel
opening (cyclox-site entry) within the lipid zone, thereby af-
fecting DRS-dynamics. The data also suggests that crystalliza-
tion of membrane proteins does not give identical structures
when carried out with different conditions or by different labs.
Also, the murburn postulation of DRS-interactive equilibriums
and dynamics thereof could explain the observations. We could
cite PloS One BzBr analogs paper.

3.5. Experimental kinetics and stoichiometry profiles:
The complex chemistry of cyclooxygenases has led to several
investigations into the structure-function aspects of COX1 and
COX2, leading some to propose a reaction network compris-
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ing of almost 35 intraenzyme reactions involving 24 different
intermediates of the enzyme (73). The Ky, K¢ar and Kea/Kiy
values (O, consumption) of WT mCOX2 were 4 uM, 55.2 !
and 13.8 uM™! 57!, respectively. Such reaction networks can be
confusing and may not be very pragmatic. The murburn model
for related heme enzyme like cytochrome P450 has shown that
such conventional constants have little practical relevance or
utility in understanding enzyme action.

Reckoning that two O, molecules are consumed per fatty
acid substrate, at least 27 molecules of AA should be converted
per second to PGGj. Such a high turnover number (~55 s)
and close to 3500mol of arachidonate/min/mol of dimer for
fatty acids (74, 75) is inexplicable because substrate binding
& positioning, dynamics within the active site, product forma-
tion and finally, product release may not happen at such fast
rates. Considering that fatty acids such as AA have a surface
area-diffusion profile of ~1 mm?/s (76), the linear mobility is
approximately a nanometer within a microsecond. The diffu-
sion restrictions imposed by the catalytic site for the long AA
molecule would be significantly higher, by several orders of
magnitude. Therefore, the incorporation of AA in some X-ray
structures cannot be correlated to physiological realms. Sub-
strates of COX enzymes bind to the same active site pocket
in similar fashion and are supposed to get converted by the
same mechanistic fashion. Despite this, the catalytic rates
(Oy consumption and substrate oxidation) of both hCOX1
and hCOX2 for AA, EPA, dihomo-y-linolenate, linoleate,
a-linoleate, y-linoleate, etc. were not the same for 20:4 for
both COX1 and COX2 (71). While C20 substrates were found
to incorporate 2 moles of O,, C18 substrates were found to
incorporate only one mole of O, per mole of substrate. These
aspects of COX kinetics cannot be explained by classical
Michaelis-binding based logic.

Most importantly, thorough studies on the impact and pro-
files of molecules on COX activity show tell-tale evidence of
the operational relevance of murburn concept. In studies trac-
ing the effect of additives or mutations on COX (45, 77, 78),
the activation and inhibition profiles (although plotted with a
Michaelis hyperbola fit, e.g. Figure 4 of Rowlinson et al., 2003
(78) (for activation) and Figure 2 of Gierse et al., 1996 (45) (for
inhibition!) show multi-phasic nature. We have already called
out such aspects in the cytochrome P450 murzyme system (17,
29, 30). Also, analysis of the incubation mixture for products
formed clearly shows the non-specific nature of the reaction
[Figure 3 of Bai & Zhu, 2008 (77)]. Such experimental find-
ings strongly support the operational relevance of murburn
concept in cyclooxygenase function.
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3.6. Other miscellaneous supporting arguments for the
murburn model of COX:

(1) Several tyrosine residues could be involved in mediating
the formation as well as stabilization of DRS generated from
heme iron or a fortuitous DRS that could float by could also
be stabilised. Moreover, since DRS could be very accessible
in the hydrophobic interiors of lipids and protein, they may
have ET transducing roles in such realms (22, 79).

(2) The protein structure (cyclox site) does not support an
internal migration route for the incomplete product of PGG,
to move from cyclox-site to perox-site. Hence, PGG; formed
at the cyclox site would need to detach and move out of the
cyclox site, and then into aqueous milieu — and then bind to
the perox site. A simple probability assessment (80) of the
sequential classical scheme shown in Figures 1 and 2 would
be (probability indices given in large braces; arachidonic
acid or AA is written here as AHA to enable accounting for
hydrogen atom):

Perox Fe(IIT) + HO; = Perox Fe(II1)-H,0, [1/2]

Perox Fe(I1I)-H,0; = Perox FeO(V) + H,0 [1]

Perox FeO(V) + Cyclox TyrOH = Perox FeO(IV) + Cy-
clox TyrO* + H* (iipia) [1]

Perox FeO(IV) + BH = Perox FeO(IV)-BH [1/2]

Perox FeO(1V)-BH + H (3queous) = Perox Fe(III) +

+B* + H,0 [1]

Cyclox TyrO* + AHA = Cyclox TyrO*-AHA [1/2]

Cyclox TyrO*-AHA = Cyclox TyrOH + AA* [1]

Cyclox TyrOH + AA* + O, = Cyclox TyrOH-AA*-O,
[1/3]

Cyclox TyrOH-AA*-O; = Cyclox TyrOH + AOO*A or
Cyclox TyrO* + AOOA [1/2]

Cyclox TyrOH + AOO*A = Cyclox TyrOH-AOO*A [1]
Cyclox TyrOH-AOO*A + O, = Cyclox TyrOH-AOO*A-
0, [1/3]

Cyclox TyrOH-AOO*A-0; = Cyclox TyrO* + AOOAO;H
1]

Perox Fe(IIl) + AOOAO;H = Perox Fe(II1)-AOOAO;H
[1/2]

Perox FeO(II1)-AOOAOH = Perox FeO(V) + AOOAOH [1]
Perox FeO(V) + Cyclox TyrOH = Perox FeO(1V) +
+ Cyclox TyrO* + H* dipia) [1]

Perox FeO(IV) + BH = Perox FeO(IV)-BH [1/2]

Perox FeO(IV)-BH + H+(aque0us) = Perox Fe(IlI) + B* +
+ H,0 [1]

2Cyclox TyrOH + H;0; + 2BH + AHA + 20, =
= 2Cyclox TyrO* + 3H,0 + 2B* + AOOAOH [1/576]
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To the best of our knowledge, the overall mass-charge bal-
anced sequential equation of the COX reaction is presented
above for the first time. It would need a proton conduit from
the cyclox site lipid phase to perox site aqueous phase (which
would not permit the tyrosine radical stabilization and catalysis
at cyclox site!) AND it also sets off a radical chain reaction in
both lipid and aqueous phases! This would mean that one mol-
ecule of peroxide would initiate a radical chain reaction that
would theoretically give perpetual/endless amount of PGGo,
if oxygen is supplied in plenty. This mechanistic premise does
not make physiological sense, and clearly calls out as support
for murburn scheme. Quite simply, the mass-charge balanced
overall equation and scheme for classical mechanism argues
that it cannot be a sole tyrosine-mediated catalysis (like that
by Tyr385), but the approximately two-dozen tyrosines on
the protein (~3.8% of the amino acid residues, compared to
~2% in various proteins like amylase, lysozyme, collagen,
hemoglobin, cytochrome c, etc.) are secondary catalyst/
substrate in the DRS-mediated reaction in the vicinity of the
heme-Fe enzyme! It can be envisaged that since the phenolic
O atom can effectively equilibrate with other O-atom species
carrying a le surplus/deficiency, nature merely evolved COX
with multitudes of DRS-channels and tyrosines to enhance the
lifetime of DRS around itself.

(3) DRS produced in cells are known to trigger transcrip-
tional upregulation of COX2 and consequently, higher COX2
activity (81). However, a study showed that DRS formation
from COX can increase the enzymatic activity of COX2,
without involving higher gene and protein expression of COX2
(82). It also showed that higher ROS-dependent COX activity
was the cause of greater pro-oxidant status in aged rats, caus-
ing dementia. Many such independent reports connect DRS
(and oxidative stress) to greater action of COX enzymes in
living cells and tissues. Therefore, cyclooxygenase enzyme
action cannot be based just on Michaelis-Menten binding-
based approach and would involve the intermediacy of DRS,
as numerous reports demonstrate.

Some altogether dismiss the role of DRS in the cyclooxy-
genase reaction (83), which we believe is based in aesthetic/
stigmatic bias. In this connection, evidence was presented to
demonstrate that 'O, formed from the peroxidase reaction
initiates prostaglandin synthesis (84). It is well-known that
cyclooxygenases act in tandem with tissue-specific prosta-
glandin and thromboxin synthases to yield diverse bioactive
eicosanoid end-products (85). It was proposed that a singlet
oxygen metal complex reacts with unsaturated fatty acid sub-
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strate via a peroxidase mechanism, to yield an unconjugated
hydroperoxide, which further reacts with the peroxidase part
of prostaglandin synthetase complex to form an endoperoxide
via a two-step consecutive radical cyclization reaction.

Interestingly, many researchers have shown that singlet
oxygen is generated by cyclooxygenases, and that different
classes of COX (cyclox site) inhibitors, merely by their vir-
tue of redox activity, are known to react with singlet oxygen,
and thus, inhibit AA turnover into PGG; (86). For example,
indole-2 and 3-carboxamides inhibit COX enzymes very ef-
ficiently (40); COX enzymes produce DRS such as singlet
oxygen & a few other DRS and most COX inhibitors have
antioxidant properties. Ketoprofen and tolmetin are prime
examples of NSAIDs with superoxide scavenging activity and
thereby, inhibit tissue destruction by DRS and free radicals (87)
and these compounds are also scavengers of singlet oxygen.
This is why several natural compounds like flavonoids and
coumarins inhibit cyclox activity, even though they possess
very large surface areas. N-substituted indole-2-carboxylic
acid esters were found to scavenge hydroxyl radicals as well
as singlet oxygen; thus, a majority of indole esters quenched
singlet oxygen directly (in reaction milieu without the involve-
ment of enzyme active site reactions) and thereby exhibited
effective antioxidant actions (88). Both redox and non-redox
mechanisms (such as redox potential of natural compounds
as well as binding affinity) were deemed to contribute to
inhibition of COX proteins (89). Novel coumarinyl-1,3,4-
oxadiazolyl-2-mercaptobenzoxazoles with antioxidant activity
inhibited both COX1 and COX2 and showed higher selectivity
for COX2; these compounds exhibited DPPH radical scaveng-
ing activity (90). Indole derivatives were found to scavenge
superoxide, hydroxyl radicals as well as singlet oxygen in a
concentration-dependent manner, quenching almost 60% of the
generated singlet oxygen at 1 mM concentration (40). NSAIDs
possess singlet oxygen-scavenging activities, as demonstrated
by Costa et al., 2008 (86); singlet oxygen is generated from a)
H,0, disproportionation reactions, b) Haber-Weiss reaction
(between H»O, and O,™) and c) reaction of radical-radical
collapse (O," reaction with “OH). The above mentioned reac-
tions are given below:

a) H,0;, + H,0, — 2H,0 + 10,

b) O~ + H,0, — "OH + OH" + '0,

¢) O +°'0OH — OH" +'0,

COX enzymes are famously known to generate DRS and
are majorly responsible for generation of significant oxidative
stress in several maladies (91). Sulindac sulfide is known to be
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one of the most powerful scavengers of singlet oxygen among
the NSAID class (86).

Given the volume of data above (and the literature provided
below), it is evident that the scientific community has largely
ignored the direct involvement of DRS in the COX system
and the DRS-quenching/modulating roles of cyclooxygenase
inhibitors. Several fatty acids found in food also have been
reported to possess antioxidant and cyclooxygenase-inhibitory
activity (92). Numerous natural compounds, which are also
well-known for their anti-inflammatory and antioxidant ac-
tions have been reported to inhibit cyclooxygenase activity
(10). A report suggests that natural compounds are COX1-
selective; therefore, functional group modifications were
deemed to improve COX2 selectivity of these compounds
(93). Also, most of them are known to inhibit either peroxi-
dase and cyclooxygenase (dioxygenation) activities, or both
(94). Moreover, antioxidants are known to reduce the gene
expression of COX enzymes. For example, epigallocatechin
gallate (EGCG) inhibited COX1 more strongly than aspirin
at a concentration of 50 mM (95). Some antioxidant mol-
ecules such as EGCG are too large to even enter the cyclox
site, and may still inhibit cyclox or perox activity even if
bound to alternative sites on the enzyme. These inhibitors of
cyclooxygenases — both natural and synthetic, do not mimic
the structure of the fatty acid substrates. From an evolutionary
standpoint, it is inconceivable how nature would have selected
such structurally dissimilar (to substrate) and diverse inhibi-
tors. Several COX inhibitors have DRS-neutralizing properties
and therefore, have beneficial roles against many diseases.
Utilization of DRS-suppressing COX inhibitors minimise
the damaging side-effects of radiation chemotherapy (96).
DRS-mediated PGE, production from carbon tetrachloride
and diquat was shown to be independent of COX activity,
showing that free radicals had a role in generation of this
prostaglandin. In biomembranes, Fenton reaction-based lipid
peroxidation reactions lead to formation of lipid peroxides.
Ex-active site reactions- specifically, autooxidation reactions
(involving initiation, propagation and chain termination) lead
to formation of regio- and stereo-chemical products of both
polyunsaturated fatty acids and sterols, causing the forma-
tion of cytotoxic cellular products (97). In our earlier reports,
we had questioned the application of the Michaelis-Menten
paradigm for explaining all aspects of the catalytic repertoire
of heme peroxidases and cytochrome P450s and argued that
some facets required an extra-active site mechanism. Also,
we demonstrated the role of DRS in the modulations (both
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enhancement and inhibition) of reactions in peroxidases and
cytochrome P450s (28, 98, 99). Therefore, it is strongly sug-
gestive that DRS are not merely wasteful products resulting
from uncoupling, but are intrinsically involved in the reaction
mechanism of murzymes (such as COX).

3.7. Pan-systemic overview & murburn model of
COX function

After alignment using ClustalW with default settings, it is
clear that the protein is quite conserved between sheep and
humans (Figures S4-S6). Except for very minor variations (like
presence of a longer N- and C-term region), human COX1 is
not very different from sheep COX-1. Human, bovine and
ovine COX1 and COX2 sequences have 60% identity and the
key active site residues within the cyclox site are quite well
conserved. Three COX-1 PDB sequences (1EBV, 3KK6 and
3N8Z) were compared with human COX1 (6Y3C) sequence.
By comparison of different COX1 from the same sources (3
COX1 from sheep, 2 COX2s each from mouse and humans),
we obtained different binding energy results. This strongly
suggests what we have been vouching for long — the crystal
structures of such murzymes (and especially membranous/
membrane-associated proteins) that function via DRS don’t
necessarily have a high deterministic drive for ensuring
structural/topographical conformity. As a result, they give
significant variations. Therefore, in such contexts, it is errone-
ous to overtly stress on topographical features of a given site
and connect it with its binding affinity for a given substrate to
interpret reaction outcomes. Our finding is further confirmed
by the published inhibition binding studies of various CYPs
by the same molecules that also critically affect COX proteins.
All these issues necessitate a new explicatory paradigm for
COX function.

In the CYPs that could get their Fe-center reduced via a
superoxide species donating its electron to the solvent ac-
cessible thiolate (following which the Fe(Il) could bind to
molecular oxygen) or a superoxide generated from reductase
could directly access the distal channel and bind to Fe(III).
Similarly, in the COX enzyme, electron could come into the
system via a peroxide molecule at the perox site, or from a su-
peroxide in the cyclox/perox site. It is proposed herein that the
endoperoxide formation results due to singlet oxygen released
(by Fe-catalyzed dismutation) at the perox-site, which could
access the lipid channel of cyclox-site via internal migration
route. Singlet oxygen-mediated formation of lipid hydroper-
oxides and endoperoxides has been demonstrated in literature
(100). The hydroperoxide formation and O-atom removal
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thereof could occur within the murzone, via the action of other
DRS like superoxide. The deterministic classical scheme of
a series of sequential steps leading to the formation of PGG;
at cyclox site is of low probability, compared to the parallel/
stochastic DRS-based murburn model. Also, multiple products
are formed from the cyclox site, and this also advocates for
a chaotic, rather than a deterministic process. The stochastic
murburn model provides facile and parallel/independent
room for recycle in all phases, as shown in Figure 8. Also,
the murburn model prioritises upon the nature of reactants
and probability of events. Rouzer and Marnett (2020) (12), in
their comprehensive review paper on COX enzymes, opined
that “polyunsaturated fatty acids are highly susceptible to
nonenzymatic free radical oxygenation due to their readily
abstracted H-atoms, which are attached to allylic carbons
located between two double bonds. Thus, H-abstraction at
C7, C10 or CI13 followed by mono-, di- or even tri- oxy-
genation to yield a wide range of products.” The literature
on COX enzymes is replete with several inferences that point
to the contribution of DRS in the cyclooxygenation of lipid
substrates. These discordant and inexplicable observations of
DRS generation (and the effects of these radicals thereof) are
not mere coincidence, but are both plausible and the modus
operandi of redox enzymes. Oxidised lipid generation can oc-
cur through the action of non-radical DRS like singlet oxygen,
HOCI, ozone and other inorganic radical species formed from
hydrogen peroxide, superoxide or nitric oxide (101).

In Figure 9, comprehensive comparison of the two mecha-
nistic models for overall COX action (involving both the perox
and cyclox sites) is depicted. We propose that the murburn
model for COX can be ratified by the very same experiments
used to demonstrate the murburn model for CYPs. That is: it
is predicted that while small amounts of water-soluble anti-
oxidants or DRS-scavenging enzymes would be incapable of
causing a major impact on COX-activity, derivatives of the
very same species with better hydrophobic positioning would
give a greater critical impact. Further, it would be possible
to get the formation of PGG; starting from arachidonate and
COX-membrane system and superoxide.

4. CONCLUSIONS

Herein, we probed the structure-function correlations of a
prominent membrane heme-protein, cyclooxygenase. Experts
have long strived to arrive at a consensus regarding the inhibi-
tion mechanism of COX activity/specificity (6); (However, it
has been elusive, as evident from the ongoing efforts which

Biomed Rev 35, 2024

Endoperoxide

=

‘/ /
{ |Perax| ]

Fe?* + H;0; — Fe®* + OH + HO*
Membrane
Fe* + Hz0p — Fe?* + 2H* +*00"

Fe® + *00"— Fe?* + 10,

) . \

Hydroperoxide
% Hydroxyl

HO® AA

[Perox| , "007) AA

Figure 8. The modality of reaction of various DRS with AA
in the murburn model.

quote varying approaches described in 4 different papers (1,
102-104). The rationale missing was that of ‘murburn’, the
novel redox enzyme mechanism that we have been advocat-
ing for two decades now, which vouches for the obligatory
involvement of DRS in the catalytic mechanism of some redox
enzymes, particularly heme enzymes.

1. From a historical perspective (6) and from the current
study, it can be discerned that the functional differentiation
between COX1 and COX2 are primarily based in the inducibil-
ity of expression by glucocorticoids like dexamethasone, and
secondarily on the classical active-site mechanistic aspects.

2. In conjunction with the arguments already presented in
our earlier work (25), we hereby find that the murburn model
for COX is more probable than the classical active-site based
mechanism. The cyclox-active site within the membrane is
phase is too narrow to permit the formation and release of
PGGg; it is merely a DRS channel. The necessity of tyrosine
is most likely for enhancing the DRS lifetimes. The data and
reasoning trail provided herein are comparable to the one es-
tablished for CYPs (30, 48), wherein the membrane embedded
protein isozymes (as exemplified by CYP3A4, CYP2C9 &
CYP2EI1) show a number of channels emanating from the dis-
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Figure 9. Overall comparison of mechanism of COX action (conventional vs. murburn). The mechanism that is currently widely
held is shown to the left. In this mechanism, PLA; generates free arachidonic acid (AA) from the membrane, which percolates
into the cyclox active site which is placed near the membrane (and faces the membrane). The AA molecule binds in a bent con-
formation within the narrow active site and a specific carbon atom (C13) is attacked by the tyrosyl radical which is generated
by interaction of organic peroxides (LOOH) at the perox site. The oxidant (H>Oy/organic peroxide/peroxynitrite) 2e” oxidises
heme iron and subsequently, Y385%* (tyrosyl radical) generation occurs. The C13 of AA is bound very close to this radical and
this enables the attack of the radical on C13, causing CI3 to become a carbon-centred radical. An oxygen atom attacks this
radical and joins itself to this carbon and later on, a cyclic oxygen ring is formed on AA. Another O; atom is attached to AA in
the form of OOH and this molecule is called PGG). For the reaction to be complete, PGG; dissociates from the cyclox site and
binds to the peroxidase site and there, it is converted to PGH). In the conventional mechanism, AA binding is hampered by the
NSAIDs/Coxibs because these drugs block the cyclox site and hence, AA binding and formation of PGG is hampered. In the
murburn explanation (shown to the right), there is no absolute necessity for COX enzymes to bind and interact with substrates
and inhibitors. Rather, LOOH and peroxide can be converted to form diffusible reduced oxygen species (DROS), which can then
attack AA, drugs like NSAIDs and Coxibs and mop up DROS/ROS and thereby, can prevent the formation of PGG; and PGH .
Antioxidants and other cyclox & perox site inhibitors can bind at a favourable region on the protein in the vicinity of DRS attack
and can utilise those DRS and thereby, block both perox and cyclox activities.
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tal/proximal site, for facilitating and bringing about effective
DRS dynamics and interactions with surface-bound xenobiotic
substrates (and these channels are not for substrate access into
the occluded and deep-seated heme pocket!).

3. Based on the structural data and probabilistic considera-
tions, we have proposed a testable and facile (in fact, already
well supported!) murburn model for the physiological func-
tion of the COX enzyme. Biochemical mechanistic insights
are best derived from inhibition studies. Our model is sup-
ported and evidenced by the vast numbers and diversity of
interfacial redox-active molecules known that could inhibit
or/and modulate COX1/2 functions (104): (a) In heterocyclic
compounds, the- pyrazole linked thiazoline/benzoxazolone/
pyrazoline moities, (substituted at various 1,2,3,4,5 positions
and linked with hydrazone/benzoimidazole/thiourea and
benzothiazole, chromenone/acetamide/isothiazole, cinno-
line/triazole, isoxazole, oxadiazole, pyrrole and pyrrolidine,
substituted phenyl linked thiazolidine, thiazole, thiadiazole,
etc.) are classic examples of well-studied class of molecules.
Then there are substituted benzoxazoles, substituted isatins,
coumarins, indoles, quinolines, isoquinolines, triazoles,
tetrazoles, etc., (b) diverse substituted nonheterocyclic
compounds, (c¢) molecular hybrids and fused derivatives,
miscellaneous natural products, etc. A look at the diversity of
the various molecular structures would convince a discerning
individual the explicatory potential of the murburn model
for COX. The fact that diverse unsaturated fatty acids are
known to serve as substrates for COX is yet another support
for the murburn model.

4. The contexts for physiology cannot be justified by a radi-
cal propagation in both lipid and aqueous phases. However, it
can be well envisaged that disruption of membrane structures
would liberate DRS and/or alter DRS dynamics, triggering as
an inciting agent for inflammatory response, which is the role
perceivable for COX.

5. A DRS like nitric oxide is recognised as molecular
messenger (105) and exercise (a health promoting activity)
is supposed to produce DRS (106). Oxidative stress could
also extend life span (107)! ROS are good!! (108). So, it is
opportune to rethink the roles of DRS and indulge murburn
model of COX, particularly considering that several other
heme systems (both soluble and lipid-embedded) have been
demonstrated to be murzymes (22).

6. It is well-established that inflammation and immuno-
genic responses closely tied with COX activity is also intri-
cately connected with observation of DRS and its dynamics
thereof. Therefore, considering DRS as a mere artifact in
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these systems is no more a valid premise and cyclooxy-
genase should be deemed as a murzyme. Our correlations
and inferences drawn herein are capable of qualifying the
findings/interpretations of diverse recent works wherein:
COX activities are associated with phosphorylations (109),
the substrate activity of flurbiprofen for cytochrome P450s
and competitive effects on perox-site in COX (110) can be
reasoned, demonstration of interplays of redox active Cu-
nanoparticles and COX inhibitors (111), cross-effects of
DRS-modulating molecules (e.g., quercetin) and enzymes
like iNOS/XO with COX (112, 113), etc.

The new murburn perspectives unraveled herein could en-
able us to better understand the roles of DRS in immunological
and pathophysiological implications of COX enzymes. DRS
produced in both healthy and pathophysiological contexts
could activate COX (via both perox and cyclox sites, which
could turnover diverse substrates in non-specific and non-
selective modalities). In this murburn/murzyme schema,
diverse additives (like NSAIDS, with high residence times
near the enzyme!) could modulate (both activate and inhibit)
the enzyme-substrate-DRS interactive dynamics thereby ex-
plaining the broad-range of observations, earlier attributed to
allosteric binding-induced conformation changes or substrate
access alterations to cyclox-site. Isoforms with diversity in
surface topography and electrostatics could be affected in
distinct ways in such DRS-mediated reactions, thereby ad-
dressing the isoform-specific observations, interactions with
other proteins and lipids, non-classical metabolites, etc. Since
we have already pointed out the Dr. Jekyll and Mr. Hyde
persona of DRS, the roles of murzymes in routine health and
disease could be re-investigated under this fresh insight. In
the larger picture, it is only natural that DRS, which sponsor
bioenergetic phosphorylations (powering), fashion redox
coherence, homeostasis and electro-mechano-physiological
sensing-response facets are ALSO involved in immunologi-
cal foundations. In toto, it is discernible that murburn concept
affords a comprehensive/holistic perspective for integrating
various facets and functionalisms of life.
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Figure S1. Molecular structures of inhibitors chosen as ligands for blind and grid-centered docking studies.
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Figure S2. Overview of mCOX2 (PDB ID: 3HSS5): Panels A-D (separated by a black line) show the respective tertiary structure
poses of the protein on the top side of each panel and the corresponding surface views at the bottom side of each panel. The poses
in each panel are almost 90° left in each panel (from A to D). All secondary structures are coloured as follows: alpha helices
are blue, beta sheets are red, and random coils are grey. The heme-coordinating His residues are coloured pink. The glycans
are coloured as green sticks and heme is coloured as brownish red stick. The extreme left panel (4) shows the membrane side
of mCOX2 monomer,; AA is coloured as yellow spheres, with the cyclox entry channel residues’ surfaces in cyan (bottom Figure
of panel A). The heme binding perox site (seen in panel C) is almost on the opposite side of the cyclox entry channel (panel A).
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Figure S3: Insight into various structural aspects of COX enzymes. mCOX2 dimer showing the overview of the protein. In this
crystal structure (3HS5), AA binding in two different monomers differs significantly. Heme residues are shown in red and AA is
shown as yellow stick. Glycans are coloured black. In chain A (gray colouring in panel A), AA was found to bind non-productively,

with the C13 of A4 nearly 10 A away from the OH group of Y385 (shown in panel B). In panel C, the productive binding of AA was
discovered with COOH end of AA located near the cyclox active site entry channel and in this case, Y385 OH group was nearly
3 A away from C13 of AA (panel C), where the Y385* attack on AA is understood to occur. Thus, to two different monomers of
the same protein, AA binding has been shown to be both productive and hence, the turnover may be low. In panel D, the narrow
entry channel of cyclox site (shown as a blue dumbbell-like structure) shows the narrow constriction leading to the cyclox cavity,

wherein, AA adopts a very constrained binding modality that requires AA to squirm in like a snake entering a convoluted burrow.

In panel E, the entire protein is shown as a transparent surface with the cyclox entry channel, AA, Y385 and heme of perox site
aligned in a straight line. AA has to go in a linear fashion, adapt a L-like binding posture and then exit this narrow orifice as a

hairpin like-structure, PGG2. The entry channel (highlighted in blue) constricts and then widens again into the cavity. In panel
FE the narrow cyclox entry channel is shown with the other two channels which also may lead to cyclox cavity. Panel G shows

the convoluted AA molecule and OH group of Y385 coloured red and the rest of the Y385 residue coloured in blue. Panel H
shows the view from perox channel with other aligned entities (Y385, AA and the cyclox channel) behind the heme (red stick).
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Figure S4. Comparison of mCOX1 with hCOX1 (h6Y3C) and sheep COXI (3N8Z, 1EBV and 3KK6) residues. Below this,

conserved active site residues of these various COXI proteins have been compared.
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Figure S5. Active site residues of COX1: When compared, most of the mouse COX-1 residues are conserved in sheep as well as
humans in these Clustal-aligned sequences. There is a +2 deviation from the actual number. No crystal structure of mCOX1 was
found and hence, mCOXI sequence from Uniprot (ID: P22437) was taken and the sequences from the crystal structures of all 3
sheep and I human COX1 were compared, keeping mCOX1I active site amino acid residues reported in literature as the reference.
Overall, most (almost 100%) of the active site residues of the protein sequences compared herein are conserved and hence, this
Jjustifies docking of various inhibitors to different COXI proteins. An inhibitor of human COXI should also inhibit mouse and
sheep COX1 without any discrepancy (going merely by the logic of residue conservation and active site binding-based activity).
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Figure S6. Sequence alignment of mammalian COX1 and COX2: When comparing the two key residues involved in COX action
in the two COX isoforms (1 and 2) from different mammalian sources (human, sheep and mouse), the key active site residues in
the cyclox cavity were mostly conserved. COX1I residues (unique to COX1) are coloured green and residues found in COX2 are

coloured red. The residues which are common in both enzymes (conserved) are coloured black.
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3PGH - with FBP

Figure S7. Closed active site channel (surface view) of mCOX2 (PDB ID: 5COX), mCOX2 bound with AA substrate (PDB ID:
3HSS5) and mCOX2 with flurbiprofen, a cyclox site inhibitor which is known to bind to the active site channel and thereby, preclude
entry of substrate and product in and out of the cyclox active site. The dynamism of the active site entry channel (and lobby) is
not exactly clear, but Comparison of the three dimeric structures of mCOX2 shows that the active site channel “opens up” to
accommodate the substrates and inhibitors. However, the entire cyclooxygenase enzyme is presumed to be rigid, with minimal
differences being observed between inhibited and uninhibited (or substrate-bound) structures.

|

Figure S8. Positions of mutated residues in Malkowski et al. (2001) with respect to the catalytic Y385 residue.
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Figure S9. Presence of tyrosine residues in mCOX2 (4) and hCOX2 (B) dimers. Tyr residues in the two monomers are coloured

demarcate them, and C. presence of tyrosine residues around the internal tunnel system in hCOX1. There are 27 tyrosine residues
in cyclooxygenases.

Figure S10. Location of N581 (yellow), whose mutation drastically altered COX enzyme activity. A — the position of the N581
residue in hCOX2 is marked as yellow in the surface view of the protein dimer. In panels B and C, the bottom side facing the

membrane and the top side (perox cavity-ward) is shown. Here, the position of the N581 residue can be seen to be far away from
the AA entry channel.
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Figure S11. Visual representation of the docking data of inhibitors with cyclooxygenase-2. In panel A, an overview of the binding
of the 11 inhibitors to PDB ID — 1CX2 from Table 3 is shown. In panel B, the binding locations of the 11 docked inhibitors (as
given in Table 3) to mCOX2 (1CX2) is shown. Panel C shows the inhibitors coloured differently as sticks at the cyclox binding
site. In panel D, the entry channel of mCOX2 is shown with the inhibitors docking into the cavity. CXB, a coxib, was found to dock
with greater affinity to the perox site, instead of the cyclox site, which is shown in panels E and F. Colour codes for the docked
inhibitors: CXB, black; VCB, lime green; RCB, brown; SDS, pink; PXM, orange; NMS, white; NPX, purple; NBM, magenta;
MXM, cyan; IMC, dark blue and DCEF, yellow.
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Table S1. Physical properties of the various substrates/inhibitors that may affect mechanism.

Inhibitors
Name No.of Rotatable | No.of H-Bond TP°SzA LogP Consensus LogS Bioavailability | Mol.Wt |No.of HBond
Bonds Acceptors (A?) Log P Score (g/mol) Donors
CXB 4 7 86.36 2.56 3.40 -4.57 0.55 381.37 1
VXB 3 5 94.57 1.78 2.49 -3.81 0.55 31436 1
RCB 3 4 68.82 213 2.79 -3.42 0.55 31436 0
SDS 4 3 62.60 3.18 4.78 -5.09 0.85 340.41 1
PXM 3 5 107.98 1.67 1.38 -4.01 0.56 33145 2
NBM 5 5 109.60 1.78 1.66 -3.48 0.55 308.31 1
NMS 3 3 46.53 1.92 2.76 -3.61 0.85 230.26 1
NPX 4 2 26.30 2.74 3.23 -3.37 0.55 228.29 0
MXM 3 5 136.22 1.74 1.73 -4.34 0.56 351.40 2
IMC 5 4 68.53 2.76 3.63 -4.86 0.85 357.79 1
DCF 4 2 49.33 1.98 3.66 -4.65 0.85 296.15 2
Substrates

AA 14 1 3730 | 6.22 - - 0.54 304.47 1
PGG; 13 5 85.22 4.52 - - 0.52 368.47 2
PGH, 12 4 75.99 4.02 - - 0.67 35247 2
PGl; 10 4 86.99 341 - - 0.70 352.47 3
TXA; 12 4 75.99 3.82 - - 0.72 35247 2
Negat:_\-lreciontrol 25 7 216.35 2.78 - - 0.62 625.786 8
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Table S2. Grid-centered docking data of downstream product control molecules with various COX enzymes

. . Perox site Cyclox site
Protein & Source| Ligands
Kq (uM) Ka (uM)
LTCs - 14580
3KK6
(sheep) TXA; 6.2 6.0
PTC 0.3 2.1
LTC, - 4962
1EBV
(sheep) TXA, - 0.3
PTC - 0.1
COoxX1
LTCs 18520 3256
3N8z
(sheep) TXA; 16.4 44
PTC 4.2 13.0
LTC, 15459 -
6Y3C
(human) TXA; 22 3.2
PTC 0.8 1.0
LTCs 6530 4962
5KIR
(human) TXA; 6.8 0.3
PTC 1.0 0.1
LTC, 61.7 28779
Ccox2 >F1A TXA; 0.2 5.0
(human)
PTC 0.07 5.6
LTC,y 5.4 3050
16x2 TXA; 0.9 23.0
(mouse)
PTC 0.5 1.1
Table S3. Pharmacokinetics.
Inhibitors Gl BBB P-gp CYP1A2 | CYP2C19 | CYP2C9 | CYP2D6 | CYP3A4 Log Kp
Absorption | Permeant | substrate | Inhibitor | Inhibitor | Inhibitor | Inhibitor | Inhibitor | (Skin Permeation)
CXB High No No Yes No Yes No No -6.21cm/s
VXB High No No Yes No No No Yes -6.36cm/s
RCB High Yes No Yes Yes Yes No No -6.61cm/s
SDS High No No Yes Yes Yes No No -4.96cm/s
PXM High No No No No Yes No No -6.15cm/s
NBM High No No No Yes Yes Yes Yes -6.33cm/s
NMS High Yes No No No No No No -5.33cm/s
NPX High Yes No Yes Yes No Yes No -5.51cm/s
MXM High No No No No Yes No Yes -6.01cm/s
IMC High Yes No Yes Yes Yes No No -5.45cm/s
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Table S4. Amino acid interaction with the inhibitors (grid docking).
A. 1CX2, MOUSE COX2
. . . Pi-Sigma/
Conventional Pi-Sulfur/Pi- .o . | C-Hbond . Halogen
Compounds H-Bonds Van der Waals Cation/Pi-Anion amide Pi- donor Alkyl/Pi —alkyl Bond
stacked
CXB Q203, Ha07 R222/ 1274, Q289, L29g, V295 Ha14 Vo1 - K211 -
Hoo, Lsso R120, Q192, 5353, L350, V349,
VXB R,513 ! Y385, W3g7,As16, I517, - Vs23, - Y355 -
Fs18, Ss30, Ls31 As27
R120, Q192, V349, S353, Y355,W3387, Aste,
RCB Hoo Rs13 120 192I 34; 355 3555 387, As16 . Vers ) Liss, Aszy )
517, F518, G526,5530
V349,
Q192, 1345, Y348, Y355, L3ga W3g7 Rs13,
SDS Ss30 1927345, 348, 1355, 7384, 387, 7513 Hoo S353,V523 As27 - L3s2, As1, 1517, 518, -
Ms22, Gsag, Ls34 L
531
M43 L3s2, Y355,F381 L3ga, Y385, W3g7, V116, V349, L350,
PXM Vers 113, L352, Y355,F381, L384, Y385, W3s7 R120 M1z . S1s 116/ V349, L350 )
Fs18, Gsa6, Ss30 Asy7, Ls3s
V349,
V VL IF VL IY IW IF l Y "’
NBM Riao 116 L352, F381, L384, Y385,W3g7, F518 ) Asyy Goge 355 )
Ms32, V523, Ss30 L3so,
Ls3
Hoo,V349 L359, As16,F518, M523,
NMS Hoo,Rs13 201349 3659 5516 S8 s - Vsa3 - Lss2, Asz7 -
526:5530
NPX R120Y3855530 | Y348,L352,Y355,F381 L3ga, Wag7, Fs1g, V349, Asy7 - V116, L3s9, Ls31 -
V533, Gs26 -
R120 Y348, W V116, V349, L3so,
MXM Y355Y385V523 Lo, L3s2, S353, L384, Gs26, S530 120, 348 T387, Fs1g - 116 7349, =359 -
Ms3, As27,Ls31
V116:L359R120,R513G526,5353A516:5530 Hao,
IMC - Yoee F - V523, W3g7 - V349,L352, F381, L3sa, -
355,F518
Y385, As27, Ls31
R120,5353,Y355,F381 L3g4,
DCF Y348 Y385 W3g7, - Gs26 - L352, V523, Ls31 -
Fs18,Ms22 Ss30
B. 1EBV, SHEEP COX1
Conventional Pi-Sulfur/ Pi-Sigma/ | Carbon Halogen
Compounds Van der Waals Pi-Cation/Pi- | amide Pi- | hydrogen | Alkyl/Pi-alkyl 9
H-Bonds . Bond
Anion stacked |bond donor
V116, T206, F209,V344, Y348, L352, Y355,
CXB R120, Y385 1161206 7205, T344 1348/ =352 1355\ B, Fagr, Mz | V340, Asaz S353 L3ga, W3g7,F518 -
L3so, I523,F 520, Ls34,
G203, T206, F210 Logs, G3gs3, Y385, W H207, H3s6, H3ss,
VXB Nsgo 203, T206: F210, L29s, G383, Y385, W3g7, | Ha07, H3ge, H3ss Ao ) Ars,Lzoo )
|444 M391
F209, V344, Y348, S353, F381, L384, Y385
RCB L ' F - - V349, L352, A -
331 W3g7, Fs1g, Ms2y, 1523, Gs2g, Fs29, 1534 205 349, =352, 7527
Y348, L352, S353, L334, Y385, I523, F529, F209 V349, W3g7, F518,
DS ) 348, L352, 5353, L384, Y385, 1523, F529 Faos,F381 Gorg ) 209, V349, W3g7, Fs1g )
Gs33, Ls34 M332, Asz7, Ls31
F205 Fa00, Y348, V349, L352 L34 Y385,
PXM Les; 205, F200, Y348, V349, L352, L384, Y385 Msy Fia1, Geg Asyy Less )
W3g7,Fs1, 1523, F529, G533,
F>05, F209, V344 Y348, V349, L352, F381,
NBM Ls31, Gs3z, Lsg | - 20 209 7344 1348 7349, =352, 1381 - Y3g5, W3g7 - Fs18, Ms22, Is23 -
L3g4, Gs26, F529, Ls32
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Conventional Pi-Sulfur/ | Pi-Sigma/ | Carbon Halogen
Compounds Van der Waals Pi-Cation/Pi- | amide Pi- | hydrogen | Alkyl/Pi-alkyl 9
H-Bonds . Bond
Anion stacked [bond donor
Y348, L352, S353, F381, F518, M52, I523, V349 Y385,
NMS ) 348, L352, S353, F381, F518, M52, 1523 ) 349, Y385 ) Liss, Asag, Lea1 .
Gs26, F529, 1534 W3g7
F20s, F209 V349, F381,
NPX Fs29, L5317, Ls34 W34g L35, Y385, 1523 Gs2g, Ms;; - - ZOLS 2(\):,' 34?: 381 -
384, W3g7, Fs18
F>0s, F381, Y:
MXM Ls31 Va9, L35, Lssa, Fsig, 1523, Fsoo, Gs3z, | 20 M358212 385 | Wigz, Gse Asy7 F209, V228, Ls34 -
F209, V349 F51s,
F205, V344, 1345, Y348, L352, N375, 1377, L3384, 209/ 7349, 7518
IMC - - F3g1 - Ms22,1523, Asp7, Ls3s, -
Y385, W3g7, Gs26, Fs29, G533, L
534
R120, S353,Y355, F381, L334, W3g7, M
DCF Asa7 12072353 355F 381 38e, 7387, T2z - Gs26 V349, L352, Fs18, 1523 -
529,534
C. 3KK6, SHEEP COX1
Conventional Pi-Sulfur/ | Pi-Sigma/ Carbon Halogen
Compounds Van der Waals Pi-Cation/ | amide Pi- (hydrogen bond| Alkyl/Pi-alkyl 9
H-Bonds Lo Bond
Pi-Anion stacked donor
R120, Y355, S516 G526, L V116, V349, L350, L3384,
X8 ls17, Fs1s 120, Y355, Ss16, G526, Ls31, Hoo, lss Sss 116: V349, L359, L34 )
(Unfavourable Acceptors- Q192, I—352) W3g7, Ms2, Asyz
V349, 1523,
Q192 L352, S353, A
VXB 1920352093531 | Gagy, L3so, Wagz, Sste, Msaa, Ss30, Ls3t - 2 Hoo - -
517 Y355
Ps1g, Gs2s,
L350 Y
RCB Is17 V349, S353, W387, Ss16, Ms22, Ss30, Ls31 Hoo 302, 13% - Asy7 -
Fs1s, 1523, G526,
Hao, R120, S353, W37, Fs18, Ms25, Gsg, Vit I523,
DS Msp 90, R120, S353, W3g7, Fs18, Ms25, Gs26 Yass 116/ 1523 ) Log, Vas, Lasz, Laso .
Ss30, Ls31 Asy7
R120, L352, Y355, F381, L384, Y385,W3g7,
PXM Asyy 1201 =352, 13557 381, =384 138511387 Ms;, V349 1523, S353 V116, L359, Ls31 -
Fs18, G526, S530
NBM A V116, V349, S353, Y55, Fag1 Fs1g, Ss30, L - Lss, G B L3sa, Y385, W3s7, i
120 116, V349, 5353, Y355, F381, F518, S530, L531 352, G526 Moo Tee A
522, 1523, As27
NMS R120, Es24 Psa, Sgs, Pse, L115 V119, F470, G4zt - Ls23 Vite, Igg, Ps2g -
V349 L35 I517 F
NPX R120 Hoo, Lo3, V116, Y355, S516 - 5353, I523 Q192 349’A352'L517l 318 -
527, Ls31
R120 L3592, Y355, F518 1523, G526, S V349, L359, F381, L334,
MXM ) 120, L352, Y355, Fs18 1523, G526, Ss30, Msy Vire Yass Siss 349, L3509, F381, L384, )
Ls31 W3g7, Asyz
L1717, R120, Y355, K360, W3s87,1517, G V349, L3509,
IMC Msp) 117, R120, Y355, K360, W387,1517, Gs26, Mirs 349, L3509 Lyso, Sas3 Vi1 lsas, Fss )
Ss30 523, As27, Ls31
V349, F518, Ms2a,
DCF R120, Y355, 1523 | Hoo, V116, Y348, S353, W37, Ss30, Ls31 - L3s2, Gs26 - Asry -
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D. 3N8Z, SHEEP COX1
Conventional Pi-Sulfur/ | Pi-Sigma/ Carbon Halogen
Compounds Van der Waals Pi-Cation/ | amide Pi- |hydrogen bond| Alkyl/Pi -alkyl 9
H-Bonds Lo, Bond
Pi-Anion stacked donor
R120, Q192, S353 V116, V349, Y355,
CXB H T G3s4, L359, Ss16 1517, G526, S530 - L3s2, Y355 Hgo L3g4, W3g7 -
513
Ms22, As27, Ls31
Lss2,
VXB - V116, R120, Y348, 5353, Y355, L3sa, Y385, Ms2z | Fag1,W3g7 | 1523, Gsog, S530 V349, Fs18, Ls31 -
As27
Y355, L359, L384, Y385 F518 Ms2, Ss30, L
RCB - 3% 2359, 2384 386’3 5:18’ 2222530 53N Fagy Wagy | Lasa, lsas S353 V349, As27 -
R120, L352, S353, L357, L384, W3g7, F518, G V116, V349,
DS Msy 120, L352, S353, L357, L3g4, W3g7, Fs18, Gs2, ) 116/ V349 ) Los, Yass, Lsso, Lsa1 )
Ss30 523, Asa7
Mi13, L3s2, Y355, F381, Y385, W3s7, F V349 L3sg L
PXM R120, Ss30 113 L352, Y355, F381, Y385, W3g7, Fs18, ) V116 Geag S1s 349, L3509, L384, )
Ms22, 1523, As27,Ls31
V116 V349 S353 Y355,F518, M522, Gs26, S530, F3g1, L3ga W3g7,
NBM Rizo 116, V349, 5353, Y355,F 518, M52, G526, S530 ) Lsss, Yaas ) 381, L34, W37 )
Ls31, 523, Asp7
V116, Y348 S353, L3s9, F381, Y385, W3g7, F V349, L352, I523,
NMS Ri20 116, Y348,5353 Laso, a1, Yags Wagr Fsng, |y g ) ) 349, L352, 1523 )
Ms32, Gse, Ls3 Asy
V349, L3509, L384,
NPX R120, Y355 V116, Gsa6: Ss30 - Lss, Is23 - W3gy, Fs1s, -
Ms32 Asy7, Ls3
V349 L3509, F381,
MXM A120, S530 M3, L3s2, Y355, Fs1g, Ms2y, Is23 Wsg7, V116, Y385 S353 349,735,381 -
L3g4, As27,Ls31
V349, Y3gs, Hoo, L3s2,
IMC R120 V116, Y348, F518 Ms22, Gs26, Ss30 - Wig7, Lo3,S353, L3sg, | Y3ss, F3g1, L3ga, -
523, As27, Ls31
V116, R120, S353, F381, L3ga, W3g7, M52, V349 Y355, I523,
DCF Ysag Vg 116 R120, S353, F381, L384, W387, M523 ) Lisa, Asyy ) 349, Y355, 1523
G526, S530 Ls31
E.5F1A, HUMAN COX2
Conventional Pi-Sulfur/ | Pi-Sigma/ Carbon Halogen
Compounds Van der Waals Pi-Cation/ | amide Pi- |hydrogen bond| Alkyl/Pi -alkyl )
H-Bonds co Bond
Pi-Anion stacked donor
CXB Hoo, R120, Q192, Mi13, Asie, 1517, Ms22, Gs26 . Verr A A V116, V349, Y355, )
L350 (Unfavourable Donor- Donor=Fsg) 523, 1527 513 L359, W3g7, Ls31
F20s, F381, V349, L35, Wsg7, F518, M
VXB - Ta06: F209, V344, Y348, G526, S530, L534 205 7381 349 =352 - 387 o8 T2, -
Y3gs As27 V53,1531
F205, V344, Y348, S353, Y355, L359, F381,L384,
RCB - ' - L350 A S V349,V
Y385, W37, Ms22, Gsa6, Ls31 352,762 >30 349, 1523
V349, L352,
Hoo, Loz, V116, Y34s, L3so, F3g1, Y3gs, Gs2e,
SDS R120, Y355 90 =93, 1116 3485533059 381 1385, 9526 Wsg7 Vs23, Asyy - L3g4, F518 Ms2y, S353
Ls3
Yass, Fe1s V116, V349, L3s2,
PXM Vsa3 R120, Y348, S353, F381, L384, Y385, W3s7 Ms3, G;zs ' - L359,Asa7, -
Ls31
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Conventional Pi-Sulfur/ | Pi-Sigma/ Carbon Halogen
Compounds Van der Waals Pi-Cation/ | amide Pi- [hydrogen bond| Alkyl/Pi -alkyl 9
H-Bonds co Bond
Pi-Anion stacked donor
V349, F381 L3g4,
NBM R120 V116, S353, Y355, L3so, Fs1s, Ss30, Ls31 Ms2, Gs26 - 3;‘(9 3\7\;' 384 -
385 W3g7,
V116, V349, L350 W3g7F518 M52 Gs26 S
NMS A1ao 116, V349, L359, 35;1518, 522,G526,5530, Yass Lyso, Vigs S3s3 Asry )
V349, L352 V116, L3so, Y385,
NPX Riz0, Y F1g1, Lga, Ms22, S ; : ] )
120, Y355 381, L384, Ms22, Ss30 Gerg, Asrr Wss Vss, Losr
F3g1, W3g7, Yaes V116, V349, L3so,
MXM R120 Ma13, L3s2, Y355, Ss30 Fsis S353,Vs23 -
Ms3; G L L3gs, Asy7
526, L531
Hoo, V349, L352,
F3g1,
IMC Ri120, Y355 | Loz, V116, S353, L3sg, Rs13, Ms22, Gsae, Ss3o, - V53, As27 - 381 -
L3s4, Y385, W3g7,
Ls31
R120, F205, S353, Y355, Y385, W387, M522, Ss30
DCF (Unfavourable Donor Donor- Y34g) Lasa, Asz7 Gs26 V349, V523, Lsai
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Table S5. Blind docking of COX inhibitors.

Inhibitor Binding Location Binding Energy Inhibitory Constant (uM)
CXB All the ligands are bound to the cyclox site. -7.82 1.86
VXB -5.02 208.86
RCB -5.09 184.92
SDS But celecoxib is bound to the perox site -6.08 35.18
PXM -5.72 63.62
1CX2, MOUSE COX2 NBM 631 2384
NMS -5.04 200.66
NPX -5.49 95.29
MXM -5.4 109.8
IMC -5.69 67.34
DCF -5.56 84.38
CXB All the ligands are bound to the cyclox Site -6.96 7.97
VXB -7.56 2.9
RCB -7.34 4.16
SDS But Valdecoxib is bound to the perox site 733 4.26
1EBV. PXM -7.13 5.96
SHEEP CIOX1 NBM -8.64 4.66
NMS -7.31 4.38
NPX -7.18 5.46
MXM -8.27 8.61
IMC -7.14 5.84
DCF -7.0 7.37
CXB -6.71 11.98
VXB -8.48 0.607
RCB -8.66 0.446
SDS -6.9 8.74
3KK6 PXM -6.37 21.38
SHEEP CE)X1 NBM -8.1 1.16
NMS -7.07 6.6
NPX -7.58 2.77
MXM -8.54 0.551
IMC -6.69 12.44
DCF -5.45 0.101
CXB -7.16 5.63
VXB -9.85 0.060
RCB -9.21 0.177
SDS -7.06 6.7
3N87 PXM -7.39 3.8
SHEEP CC,)X1 NBM -7.73 2.17
NMS -7.43 3.59
NPX -7.91 -0.47
MXM -8.22 0.944
IMC -6.09 34.16
DCF -5.49 94.76
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Inhibitor Binding Location Binding Energy Inhibitory Constant (M)
CXB -6.71 11.98
VXB -8.48 0.607
RCB -8.66 0.446
3KKG, SDS -6.9 8.74
SHEEP COX1 PXM -6.37 21.38
NBM -8.1 1.16
NMS -7.07 6.6
NPX -7.58 2.77
MXM -8.54 0.551
IMC -6.69 12.44
DCF -5.45 0.101
CXB -7.16 5.63
VXB -9.85 0.060
RCB -9.21 0.177
SDS -7.06 6.7
3N8Z, PXM -7.39 3.8
SHEEP COX1 NBM -7.73 2.17
NMS -7.43 3.59
NPX -7.91 -0.47
MXM -8.22 0.944
IMC -6.09 34.16
DCF -5.49 94.76
CXB NA NA
VXB -7.02 7.12
RCB -7.23 5.01
SDS -7.01 7.32
SE1A PXM -7.88 1.68
HUMAN C,OXZ NBM -6.72 11.88
NMS -6.09 34.1
NPX -6.12 32.54
MXM -3.92 1340
IMC -6.22 27.64
DCF -4.78 315.89
CXB -10.05 43.07
VXB -10.18 34.57
RCB -8.29 0.838
SDS -7.07 6.53
PXM -5.87 50.11
SKIR, NBM -8.37 0.738
HUMAN COX2
NMS -6.97 7.82
NPX -8.16 1.04
MXM -7.81 1.9
IMC -7.85 1.76
DCF -6.92 8.47
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Table S6. COX1/COX2 specificity ratios (selectivity index) of the inhibitors from this study with references.

. Selectivity index (COX1 . . .
Ligand IC50/COX2 ICso ratio) Reference (selectivity index) Comment from docking result (this work)
CCB 32 and 294 El-Dershaby et al., 2022; Patrignani K; values of inhibitors for COX1 either close to or much lower
etal., 2008 than for COX2 - it should be the other way around!

RCB 38 and 255 Patrignani et al., 2008; Vardeny and e

Solomon, 2008
VCB 28 and 61 Patrignani et al., 2008; Vardeny and i

Solomon, 2008
NMS 5.26 Rao and Knaus, 2008 ditto
MXM 13.8 Patrignani et al., 2008 ditto
NBM Not found Not found -

El-Dershaby et al., 2022; .

DCF 4.52 and 24.4 Patrignani et al, 2008 ditto

Details of abbreviations used:

Bold and yellow highlight - COX2 specific/preferential drugs

Bold, Green shading — COX1-preferential drugs

Bold italic Green shading — COX1-specific drug

Bold, pink shading — non-selective (inhibits both)

Keeping 100 pM as a cut-off value for discriminating as good vs. poor binders, the combinations of receptor-ligand with poor predicted Ki values are
shaded in red. Turquoise highlights depict discordances in preferential binding to either COX1 or COX2 (that is not expected, based on the category
of the drug selected).
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