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Role of water in cyclooxygenase
catalysis and design

of anti-inflammatory agents
targeting two sites of the enzyme

Manpreet Kaur?, Baljit Kaur?, Jagroop Kaur!, Anudeep Kaur?, Rajbir Bhatti? &
Palwinder Singh***

While designing the anti-inflammatory agents targeting cyclooxygenase-2 (COX-2), we first identified
a water loop around the heme playing critical role in the enzyme catalysis. The results of molecular
dynamic studies supported by the strong hydrogen-bonding equilibria of the participating atoms,
radical stabilization energies, the pK, of the H-donor/acceptor sites and the cyclooxygenase activity of
pertinent muCOX-2 ravelled the working of the water—peptide channel for coordinating the flow of H-/
electron between the heme and Y385. Based on the working of H-/electron transfer channel between
the 12.5 A distant radical generation and the radical disposal sites, a series of molecules was designed
and synthesized. Among this category of compounds, an appreciably potent anti-inflammatory agent
exhibiting IC5, 0.06 pM against COX-2 and reversing the formalin induced analgesia and carageenan
induced inflammation in mice by 90% was identified. Further it was revealed that, justifying its
bidentate design, the compound targets water loop (heme bound site) and the arachidonic acid
binding pockets of COX-2.

Abbreviations

ACN Acetonitrile

AA Arachidonic acid

COX Cyclooxygenase

MD Molecular dynamics

RSE Radical stabilization energy
PK Pharmacokinetic

RMSD  Root mean square deviation

DMSO  Dimethyl sulphoxide

HOMO  Highest occupied molecular orbital
LUMO  Lowest unoccupied molecular orbital

PCET Proton coupled electron transfer
mu Mutant
wt Wild type

The cyclooxygenase-2 (COX-2) mediated metabolism of arachidonic acid (AA) synthesizing PGE,, PGD, and
PGF, carry immense physiological significance due to the role of these metabolites in commencing inflam-
matory diseases including cardiac, cancer, arthritis, diabetes and neurological disorders'-°. Subsequent to the
identification of the two isozymes of cyclooxygenase-COX-1 and COX-2, assigning house-keeping functions
to the constitutive COX-1 and the role of inducible COX-2 in instigating inflammation, the arachidonic acid
metabolism is profoundly explored in the last three decades’'* leading to the switching of anti-inflammatory
drugs from non-selective to selective non-steroidal COX-2 inhibitors'*-!”. Mechanistically, the COX-2 mediated
metabolism of AA consisting jointly the peroxidase activity for the generation of radical at the prosthetic group
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Figure 1. Cyclooxygenase catalysis: Reported working of COX-1/2 showing radical (A) at heme and its transfer
(B) to Y385. (C) @, ‘b’: proposed electron transfer route (labelled i-xvi/xvii/xviii) through H-bonded water loop
and the peptide; ‘C: direct interaction of ferryl heme with the peptide. The stars represent the action of reported
COX-2 inhibtors in (B) the arachidonic acid (AA) binding pocket and (C) the proposed plan for covering the
heme and the AA binding pockets .

heme and its transfer to the tyrosyl residue positioned in the vicinity of AA has been extensively investigated's-2*.
However, a major concern of the reported mechanism is the connecting path between the radical generation
centre and the oxygenation site because the two events occur in separate pockets of COX-1/2 which, as per the
crystal coordinates of COX-2—AA—heme complex, are 12.5 A far from each other (Fig. 1A,B)*. Nonetheless,
the tunnelling effect is taken into account for the distant interactions of the reactive sites in proteins through the
intervening organic medium?~** but all the radical carrier atoms for such a process in cyclooxygenase are not
recognized. Hence, in the absence of clear picture of radical transfer channel, the COX-2 inhibitors reported so
far were developed keeping in view their interaction only in the AA binding site of the enzyme. Bearing in mind
the radical mechanism of AA metabolism?, here, we first explored the channel for the radical transfer from its
generation site heme to the disposal site Y385 (Fig. 1C) and then tried to disturb this channel (in addition to the
arachidonic acid binding site) for developing the anti-inflammatory agents.

Results and discussion

Molecular dynamics of COX-2—AA-heme complex for tracing the electron transfer chan-
nel. Besides providing the required flexibility for the conformational changes in the protein, water plays spe-
cific role in enzyme catalysis®*—°. While the participation of one or two water molecules in the catalytic domain
of several enzymes is reported”*, we checked if the randomly associated water molecules undergo certain
reorganization to mediate H-/e transfer during the catalytic phase of the enzyme. Since the presence of heme
is essentially required in the enzyme activity, the available wt COX-2—AA—heme crystal coordinates (pdb ID
3HS5)% (Fig. 2A), best representing the physiological state of the enzyme (including heme as well as the sub-
strate), were analyzed. The two distinct pockets of the enzyme, one carrying heme as the radical source and the
second occupying Y385 and AA as the radical disposal end are 12.5 A from each other leaving no possibility of
their direct interaction. However, the limitation of the static crystal structure, not truly representing the reactive
coordinates of the enzyme, incited us to investigate the dynamics of COX-2—AA—heme complex if somehow
the conformational changes bring ferryl heme and Y385 close to each other. In this context, molecular dynamics
(MD) of COX-2—AA—heme complex in aqueous medium over 50 ns was performed, capturing and analyzing
5,000 frames during the whole process (Figure S1-S4). While significant conformational changes in the struc-
ture of COX-2 as well as AA were observed no much perturbation was noticed in the active site pocket of the
enzyme hosting AA. We did not find a single event where ferryl heme to Y385 distance was< 12 A (Fig. 2B) and
hence, the possibility of direct interaction of the heme and Y385 for the transfer of H' may not subsist.
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Figure 2. (A) Crystal coordinates of COX-2-AA as available in the protein data bank. The distance between the
Fe and oxygen of Y385 is 12.5 A. (B) A pose of MD trajectory of COX-2-AA complex showing no much change
in relative placement of active site components.

Figure 3. MD studies: (A) COX-2-AA-heme complex showing loop of water molecules (1-11) connecting Fe
to the peptide through (B) T383 (C) H386, corresponding to channel @’ and ‘b, respectively in Fig. 1C for the
radical transfer from heme to Y385; (D) Connection of Fe with Y385 through H388-H386 corresponding to
channel ¢’ in Fig. 1C.

Further analysis of the MD data exposed a very ordered channel of water molecules (numbered 1-11, num-
bering in the crystal coordinates was different, Figure S5) in the active site pocket of the enzyme making a
loop around the heme (Fig. 3A). Water molecule-1 (W-1) interacted with the ferryl heme at a distance 1.70 A
whereas the last molecule of the loop (W-11) was located in the H-bonding range with NH of T383 and §NH of
H386 (Fig. 3B,C). While this channel was not seen in the static crystal coordinates of the COX-2—AA—heme
complex, the molecular dynamics recorded its existence over a period of 100 ps. The H-bond distances in the
range of 1.72-3.30 A (Figure S6) between the water molecules of the loop and further between W-11 and NH
of T383 and SNH of H386 confirmed their strong interactions making an intact path for the H+/e transfer. The
only other interactive site near W-11 was NH of Y385 at 5.13 A leaving very little chances of H-bonding. None
of the other 10 water molecules of the loop made contact with the peptide chain. The NH and SNH of T383 and
H386, respectively were further connected to Y385 through strong intra-peptide H-bonding (Fig. 3B,C). There-
fore, besides the direct interaction between the heme and the protein through H388 (Fig. 3D), the connections
through channels @’ and ‘b’ were contemplated.

Thermodynamics and kinetics of electron transfer over the three channels. Although the
H-bond distances over the three channels were comparable and provide compelling evidences for the proton
coupled electron transfer (PCET)—an ubiquitous electron transfer mode in biology**, radical stabilization
energy (AG) at each of the participating atoms (i-xviii, Fig. 1C) w.r.t. heme along with the equilibrium con-
stant (K,,) for every consecutive step of the three channels were calculated as a way of predicting their relative
operational feasibility (Figure S7-S9). Starting with the initial thermal equilibrated system and performing at
298 K with entropy factor constant, the energy of the system was considerably decreased for both the channels
@ and b’ when shifting the radical from heme to W-1 (I to II, Fig. 4, Table S1) by the transfer of H- from W-1
to heme assuming concerted mechanism for electron and proton transfer. The energy change was also apparent
from 3 x fast predicted rate at step II (Table S2i). With the substantial decrease in energy of radical over the water
loops of channel @’ and ‘b’ (II to III, Fig. 4), gradual stabilization occurred when the radical traversed the peptide
part of channel @’ (III-IV, Fig. 4, Table S1) making an overall energy decrease of 31 kcal/mol in comparison to
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Figure 4. Simulations over the COX-2-AA-heme complex: (A) Equilibria between the consecutive steps of the
H-/e transfer process and the corresponding radical stabilization of three channels (i-xviii, Fig. 1C) (B) pK, of
the peptide participating groups of the three channels. All values with SD + 0.5 units.

15 kcal/mol on channel ‘b. Characteristically, the radical carrying atoms on the peptide chain were all Ns’ for
channel ‘@’ except one BC (benzylic centre xvi) whereas for channels ‘b’ and ‘c; high energy carbon centred radi-
cals at position xiii, xvi and xiv, xvii, respectively were developed. The series of equilibrium constant expressions
also preferred the movement of H- through channel @ though the difference from the other channels was not
significant (Table S2i). When comparing with channel ‘C’ (Table S1), it seems that the delocalization of the radical
over the water loop assisted in decreasing the energy of the system and further in association with the H-bonded
network on the peptide, channel @’ was more suitable for accomplishing the electron transfer between Y385 and
heme. Once O--Y385 is generated, being placed just 2.85 A off 13-pro-(S)-H of AA (Fig. 3B-D), it can directly
abstract the H-.

pK, of the participating groups. Since the acid dissociation constant plays decisive role in the proton
transfer within a chain, the pK, of the participating groups were determined in the protonated (pK,}) and
the deprotonated (pK,®) forms. For channel ‘@, starting with W-1, the pK, was systematically decreased from
—22.4 at W-1 to — 3.4 at W-11 whereas it varied between the respective ends from —20.3 to — 1.1 for channel ‘v’
(Table S2i). Availability of proton with the donor groups and satisfying the condition pK,,cc)> pKyon) unlike
channel ‘b’ and c; the pK, of the groups xii-xvi of channel @ was found desirably decreasing when moving
towards Y385 (Fig. 4B, Table S2ii). Moreover, the possibility of taking extra proton from the medium when the
electron is transferred was ruled out on the basis of pK,® < pH (physiological pH) that indicated the preference
for the intra-protein H transfer. Therefore, desired trend of pK, over channel @’ along with the RSEs’ and positive
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Figure 5. Experimental studies with wt- and mu-COX-2: (A) UV-vis spectra of T383A-H386V muCOX-2
reaction: (i) no AA, (iii) AA, (ii) after 5 min of AA addition. (B) schematic representation of blockage of H-/e
transfer in T383A- H386V COX-2. (C) Change of enzymatic activity with temperature. 1-8 correspond to
entries in Table 1. All values were average of 3 expts, SD+0.5-2.0 pM ' s7%.

Entry | COX-2 Activity % of wt COX-2 | K,, (uM) | Ky (s) | KoK, (M s7)
1 wt 100 4 55.2 13.8
2 F381A 93 8 45 5.6
3 N382A 67 6 35 5.8
4 T383A 40 10 28 2.8
5 L384F 36 12 25 2.0
6 Y385F 0 5 5.1 1.0
7 H386V 65 8 35 43
8 H388V 92 5 40 8

9 T383A, H386V | 2 13 26 2

10 H388V, H386V | 68 11 25 22

Table 1. Catalytic activity of COX-2 for AA metabolism in terms of PGE, formation (ng/mL) and kinetic
constants. Average of 3 expts, SD +0.5-2.0.

equilibrium constants jointly coordinated the working of the strongly coupled Bronsted acid-base composites
and provided desired driving force for the movement of the H-/e from one end of the channel to the other end.

Cyclooxygenase activity of the mu COX-2. Supporting the role of water loop in the working of the
enzyme, restoration of 610 nm band was observed after its shifting to 650 nm in the case of T383A—H386V
muCOX-2 reaction (Fig. 5A, S11) though this enzyme did not perform AA metabolism (Table 1). Apparently,
the radical generated at the heme (Fe(IV) (650 nm)) during the initial step of the enzyme catalysis might be
converted to Fe(IIT) (610 nm) due to the H- transfer from W-1 to heme (stage I to II-III, Fig. 5B). However, the
radical from the water loop did not pass to the peptide (no conversion of stage III to IV, Fig. 5B) and no AA
metabolism was pursued. Further, the graded change in the activity of N382A, T383A, F381A, L384F, Y385E,
H386V and H388V muCOX-2 w.r.t. wt COX-2 (Table 1) indicated the preferred movement of H+/e through
T383-L384-Y385 chain when 60-65% decrease in the AA metabolism was observed for T383A COX-2 and
L384F COX-2 and absolutely no activity of Y385F muCOX-2. For N382A and H386V muCOX-2, 35% decrease
of AA metabolism was recorded and only 8-7% decrease was shown by H388V and F381A muCOX-2. The large
change in the activity of H386V COX-2 in comparison to that of H388V COX-2 ruled out the involvement of
channel ¢’ in the electron transfer process. The decrease in the activity of N382A COX-2 complying with the
conformational changes-altering the position of T383 and disturbing the electron transfer channel (Figure S12)
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Figure 6. (A) Solid surface top view of the arachidonic acid binding pocket (site 1) and allosteric site (site 2) of
COX-2 in association with 1 (pink). For site 1, the yellow part represents hydrophobic region whereas green is
the hydrophilic region. For simplicity, the hydrophobic and hydrophilic regions of site 2 are not differentiated.
(B) 2D view of red boxed part of the binding site showing interaction of 1 with amino acids.

supported the results of Kulmacz group?*® for the role of N382 and T383 in the COX-2 catalysis. Determined
as a way to detect the perturbations in the protein-site interactions with AA, the observed variation in K|, was
consistent with the COX-2 activity of the recombinant proteins and indicative of the extent of structural contacts
between the amino acid and AA (Table 1, Figure S14-523). Further, arguing the role of water loop in the enzyme
activity and expecting its disturbance at higher temperature, a large change in K_/K,, of wt as well as the recom-
binant COX-2 for AA was observed (Fig. 5C, Table S3) though the enzyme activity in general is affected by the
temperature. Although not specifically indicating the role of water loop but lyophilized COX-2 in acetonitrile
did not work besides the reports on enzyme activity in non-aqueous solvents*. Further studies on temperature
dependency of K, /K., may disclose its other implications in AA metabolism®.

Therefore, the combined analysis of the results of molecular dynamics (MD) and the other contributing
factors suggest that out of the three connections between the ferryl heme and Y385 (Fig. 1C: a, b, ¢), route @
seems the most likely channel for proton coupled electron transfer. Moreover, this information about the enzyme
mechanism helped in the design of anti-inflammatory agents working through targeting the water channel as
well as the AA binding site.

Rational design of new COX-2 inhibitors. Analysis of COX-2 crystal coordinates clearly showed that
the catalytic activity of the enzyme is initiated by the generation of radical at heme followed by its transfer to
Y385 at a distance 12.5 A with final disposal at AA 2.85 A further to Y385 (Figure S24). Keeping in view the
role of electron transfer channels in the catalytic mode of the enzyme, it was envisaged that in addition to
the targeting of AA binding site, the radical generating allosteric site at~14 A and the radical transfer chan-
nel could also be the potential targets of anti-inflammatory drugs. While validating the model, the molecules
consisting of hydrophobic and hydrophilic moieties at the two ends of the alkyl linker of varied length were
designed assuming the placement of respective end in the AA binding hydrophobic site (Site 1) and the heme
binding hydrophilic site (Site 2) of the enzyme. Empanelling the flexible alkyl chains and a rigid indole moiety,
the hydrophilic-hydrophobic moieties such as acridine, indole and pyrimidine/ oxindole and dimethoxyphenol
were introduced at the two terminals providing the requisite compounds 1-10 (Fig. 9) which were screened
against COX-2 through enzyme immnunoassays and for the reversal of inflammation against the animal models.

The results of molecular docking of compound 1 in the COX-2 pocket comprising of Site 1 and Site 2 sup-
ported the bidentate design of the molecules. The acridone part of the molecule was placed in the hydrophobic
Site 1 whereas the pyrimidine fragment was seen extending towards Site 2. The MD of COX-2—1—heme complex
provided more realistic picture showing the interaction of the pyrimidine moiety with water channel in Site 2
while acridone part was embedded in Site 1 (Fig. 6, S24). The molecules with 3C and 5C linker were not able to
cover Site 1 and Site 2 simultaneously (supporting information). Further supporting the hypothesis, compound
5 carrying hydrophobic moieties at both the ends of the alkyl chain could not occupy the designated Site 1 and
Site 2 when its molecular docking in COX-2 was performed.

Synthesis of the compounds. In order to validate the results of molecular modelling studies and devel-
oping new anti-inflammatory agents, the compounds were synthesized and screened through various biological
experiments targeting COX-2. As depicted in Scheme 1, the formation of compound 12 from N-phenylanthranilic
acid was followed by its reaction with dibromoalkanes in the presence of NaH in DMF to get compounds 13a-d.
Reaction of compounds 13a-d with indole-3-carboxaldehyde using NaH as base in ACN afforded respective
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compounds 15a-d. Further, the condensation of 15a-d with barbituric acid and N,N'-dimethyl barbituric acid
at 160 °C resulted into the formation of compounds 1-4 (Scheme 1). Reaction of compounds 13a-d with 11 gave
respective compounds 5-7. Compound 14, prepared from syringaldehyde and oxindole, was made to react with
13a-d to get compounds 8-10 through the formation of compounds 16-19.

Biological studies. To demonstrate how the interplay of the proposed mechanism and design of the mole-
cules influence their COX-2 inhibition and inflammation reversal, we performed the enzyme immunoassays and
in vivo studies on animal models. All the compounds of Fig. 9 were screened for COX-1/2 inhibitory activity in
triplicate at 10™*-10* M concentration by performing enzyme immunoassays™. The activity of the compounds
was quantified in terms of amount of prostaglandins produced by the enzymes in the presence of different
concentrations of the compound. Compound 1 showed appreciable potency against wt COX-2 with ICs, (50%
inhibitory concentration) 0.06 uM whereas its ICy, for COX-1 was 60 uM exhibiting selectivity index 1,000
(Table 2). All the other compounds displayed poor COX-2 inhibitory activity (ICs, 0.1-48 uM) than that of
compound 1 and the results were coinciding with the molecular docking studies data. Apparently, compound 1
that was interacting collectively in Site 1 and Site 2 proved more effective than those fitting in Site 1 only. In com-
parison to the four H-bond interactions of the pyrimidine part of compound 1 with the water channel, no such
interaction was observed for compound 3 (Figure S32) and that may be the probable reason for poor activity of
compound 3 than 1. Compound 2 though exhibited interactions similar to that of 1 but did not show salt bridge
formation with R120 (Figure S133). For compounds 4, 5 and 6, the acridone part of the molecules was more
buried in the hydrophobic pocket of the enzyme (Figure S135-S137) though none of these molecules showed
H-bond interactions except 6. But compound 6 was engaged in one H-bond and one n- interaction with the
same residue Y355. For compounds 7-10, the acridone component is shifted towards R120 (Figure S138-S141)
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1C5, (uM)*
Compound wt COX-2 | COX-1 | SI (IC5,(COX-1)/IC5, (COX-2)
1 0.06 60.00 1,000
2 0.10 40.00 400
3 10.00 >100 >10
4 2.15 33.00 15
5 0.15 53.00 350
6 0.35 60.00 160
7 22.00 >100 >4.5
8 0.12 48.00 400
9 0.23 52.00 250
10 12.00 >100 >8
13d 48.50 >100 >2
15d 23.48 >100 >4
Indomethacin 0.08 0.96 12
Celecoxib 0.04 15 375

Table 2. 1C;, (uM) of the compounds for COX-2 and COX-1. *All the readings were average of 3 experiments
with SD+0.5 uM.

but still some polar interactions of compounds 8 and 9 with W387 and R120 make them more potent than com-
pounds 7 and 10. Therefore, the trend of enzyme inhibitory activity of the compounds was quite in agreement
with the extent of their H-bond and n—m interactions with the enzyme. These observations also supported the
hypothesis that water channel around the heme do play certain role in the catalytic process of COX-2 and its
disturbance affects the catalytic profile of the enzyme. The inflammation reversing activity, toxicity and mode of
action of compound 1 confirming COX-2 as its cellular target was checked with the animal models.

Analgesic and anti-inflammatory activity. Since it is known to produce biphasic pain response—the
neurogenic pain and the inflammatory phase, 2% formalin injection was given in the right hind paw of the ani-
mals (20 pL) and the response was quantified by counting the number of flinching after 30 min of the compound
1 treatment’’. The inflammatory phase has been reported in the current investigation since the cyclooxygenase
inhibitors are known to ameliorate the latter phase. The involvement of cyclooxygenase and lipooxygenase path-
ways was studied by pretreatment with substance P and nitric oxide pathway was studied by pretreatment with
L-arginine and L-NAME as previously described®’. Anti-inflammatory activity was examined by using cara-
geenan induced paw edema as per the previous report™.

A significant decrease in the number of flinchings in both the neurogenic and inflammatory phase of for-
malin induced pain was observed after the treatment of the animals with compound 1 (10 mg kg™!) (Fig. 7A).
The effect was comparable to the standard drug indomethacin. Furthermore, the L-arginine pretreatment also
attenuated the analgesic effect of 1 partially whereas L-NAME pretreatment did not (Fig. 7C). Substance P is
known for stimulating the inducible cyclooxygenase and lipoxygenase pathway producing pain response due
to an increased blood level of prostaglandins and leukotrienes®. Treatment of the animals with Substance P
attenuated the analgesic effect of 1 but complete reversal was not evident, thereby indicating the possibility of
linking some other factors in the analgesic effect of this compound. Increased production of nitric oxide by iNOS
is known to cause pain and inflammation in animal studies®**°. The results of the current investigation revealed
that L-arginine (NO precursor) pretreatment partially diminished the analgesic effect of 1 but the reversal was
not complete. Carageenan injection produced a marked increase in the thickness of the injected paw. Indicating
the anti-inflammatory activity of the compound, the treatment of the animals with 1 was found to produce a
significant decrease in the paw volume after carageenan injection and the effect was comparable to that of the
standard drug indomethacin (Fig. 7B).

Acute toxicity studies of 1 were carried out at 3 dose levels of 50 mg Kg™', 300 mg Kg™! and 2000 mg Kg™! by
periodic monitoring for the first 24 h and daily monitoring for 14 days®. Compound 1 was found to produce
excessive licking, sniffing, grooming and restless movements for the first 60 min after oral administration. A
few jumping movements were also observed. However, all these behaviours subsided after 60 min. No mortality
was observed for the 14 days of observations. The histological examination of liver, kidney and myocardium
was grossly unremarkable although a few areas of congestion were observed in the myocardium and kidney
as compared to the vehicle treated control group (Fig. 7D). The pharmacokinetic (PK) profile of compound 1,
recorded as per the previously reported protocol”, showed half life (T,,,) ~9 h of compound 1 (Fig. 7E, Table 3).
Therefore, complying with the design and the results of in vitro studies, the in vivo experiments were gestured
with the emergence of a new category of anti-inflammatory agents.

HOMO-LUMO calculations supporting the working of the molecules. The anti-inflammatory
profile of compound 1 (Fig. 8A) was attributed to the appropriate distance between its polar and non-polar
ends where the pyrimidine part entered the heme pocket disturbing the water loop and the acridine part inter-
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Figure 7. Effect of compound 1 on (A) formalin induced flinchings in neurogenic and inflammatory
phases in mice, (B) paw thickness in carrageenan induced paw edema, (C) modulation of the analgesic effect
of compound 1 by pre-treatment with substance P, L-arginine and L-NAME. All values are expressed as
mean+S.E.M. Statistical differences were determined by 2-way ANOVA followed by Tukey’s test. *p <0.05 vs.
control, , ®p<0.05 vs. Indomethacin, °p <0.05 vs. compound 1. (D) Photomicrographs of hematoxylin-eosin
(H & E) stained sections of (a) control liver, (b) 1 (2000 mg/kg) treated liver, (c) control kidney, (d) 1 treated
kidney, (e) control myocardium, (f) 1 treated myocardium. All pictures were taken with light microscope
atx 20 x magnifcation. (E) Pharmacokinetic profile of 1 indicated by concentration time plot.
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Animal
Parameter 1 2 3 Mean
T/, (min) 671.3 |417.8 520.9 |536.7
Thax (Min) 30 15 30 25
Cax (UM) 315 |2.86 2.6 3.15
AUCg jiommy | 1,282 | L179.9 | 1,214 |1,2254

Table 3. PK parameters of compound 1.
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Figure 8. Fluorescence studies supporting the role of water loop: (A) Compounds 1 and 15d (15d has CHO at
C2-indole). HOMO-LUMO of (B) 1 and (C) 15d interacting with COX-2. LUMO of 15d did not interact with
water loop. (D) Change in the fluorescence intensity of compound 1 at 567 nm Vs [COX-2] in H,0-DMSO (9:1,
v/v). (E): Fluorescence spectra of: (i) 1 (1 uM) in the presence of lyophilised COX-2 in DMSO-H,0 (9:1) and (ii)
only 1 in DMSO-H,0 (9:1, v/v). DMSO-H,0 (9:1, v/v) solvent system was used to keep lyophilized enzyme as
much as possible free of water. The concentration of the enzyme taken in DMSO-H,O (9:1, v/v) for fluorescence
purpose was not sufficient to record the mass spectra.

()

" I o I‘ o
1,R=H,n=4,<--->14A 5n=4<->14A 8 n=4, <--->14A
2,R=H,n=3,<-->124A 6,n=3,<--->12A 9.n=3, <--->12A
3, R=H,n=1,<--->10A 7,n=1,<--->10A 10,n=1,<--->10 A
4,R=CH;,n=4,<--->14A

Figure 9. Rationally designed molecules for targeting the proposed electron transfer route and the AA binding
site in cyclooxygenase.
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acts with Y385, W387, Y348 (Figure S24C, S24D). The location of the HOMO—LUMO maps of compound 1
(Fig. 8B) justified its fluorescence quenching in the presence of COX-2 (Fig. 8D, S25, S26) that probably has
occurred due to the electron transfer between the (i) HOMO of 1 and the aromatic rings of W387 and Y348 as
well as (ii) the LUMO of 1 and the water molecules around the heme. Partial change in the fluorescence of the
solution of compound 1 in DMSO-H,0 (9:1, v/v) on addition of lyophilised COX-2 (expected that all water
associated with the enzyme is removed) (Fig. 8E), though a blue shift of 35 nm (probably due the solvent effect),
was indicative of the role of water loop (besides the acridone-W387, Y348 interactions) in the fluorescence
quenching of 1 by COX-2. In order to ensure the removal of all water in the lyophilised enzyme, we tried to
record the mass spectra of the lyophilised COX-2 but not successful due to its poor solubility in non-aqueous
medium and even not in the APCI mode (solid phase). Solution of 1 in DMSO-H,0 (1:9, v/v) did not exhibit
fluorescence quenching indicating that it is not the solvent water that is responsible for the fluorescence dimin-
ishing rather the COX-2 and its associated water molecules. Moreover, the decrease in the fluorescence intensity
of compounds 13d and 15d (Scheme 1, Fig. 8A) (not having the pyrimidine moiety) in the presence of COX-2
was much less (Figure S27-528) than that observed for compound 1 pointing also towards the contribution of
the water loop in decreasing fluorescence through interaction with the LUMO of pyrimidine moiety (Fig. 8C,
$29, S30). However, none of the other molecules in Fig. 9 and celecoxib disturbed the water loop rather they
interact in the AA binding site only (Figure S31, S32).

Conclusions

Although the H transfer processes are difficult to monitor in proteins but the variety of computer aided simula-
tions tagged with the experimental evidences provided enough proof in favour of proton coupled electron transfer
in cyclooxygenase. A loop of water molecules around the heme was identified whose one end coordinates with
the Fe and the second end is H-bonded to N382. N382 is further connected to Y385 through T383, L384 making
the probable route of proton translocation from Y385 to heme with the concomitant transfer of the electron from
heme to Y385 during the metabolic phase of COX-2. The deciphered information for the role of water loop in
the enzyme catalysis led to the design of new molecules interacting in the electron transfer channel as well as the
AA binding pocket of the enzyme. Compound 1, exhibiting interactions with both the sites, was the most effec-
tive anti-inflammatory agent amongst the 10 rationally designed molecules in the present studies. Compound
1 exhibited IC5, 0.06 uM against COX-2 and reversed the formalin induced analgesia and carageenan induced
inflammation in mice by 90%. The results of these studies would have far-reaching effect in the design of new
anti-inflammatory drugs and to look into the mechanism of other enzymes.

Experimental

General. Melting points were determined in capillaries and were uncorrected. 'H and '*C NMR spectra were
recorded on Bruker 500 MHz and 125 MHz NMR spectrometer, respectively using CDCl; and/or DMSO-dj as
solvent. Chemical shifts are given in ppm with TMS as internal reference. J values are given in Hertz. Signals
are abbreviated as singlet, s; doublet, d; double-doublet, dd; triplet, t; multiplet, m. Mass spectra were recorded
on Bruker micrOTOF Q II Mass spectrometer. The purity of the compounds was determined using ¢"HNMR
method (Absolute 'HNMR with Internal Calibration, Figure S132)°%. The spectral data of all the compounds
are given in the supporting information. All in-vivo experiments were performed as per relevant guidelines and
regulations and were approved by the institutional ethical committees: Institutional Animal Ethical Committee
(TAEC) of Guru Nanak Dev University, Amritsar.

Procedure for molecular dynamics (MD) simulations. For MD simulations, arachidonic acid was
docked in the active site of COX-2 (pdb ID 3HS5)* and the docked complex was optimized using MD simu-
lations on Desmond module in Schrédinger Maestro version 10.1 with OPLS-2005 force field in the explicit
solvent with TIP3P water model. The docked complex was placed adequately in TIP3P water molecules and
the dimensions of each orthorhombic water box were 10 A x 10 A x 10 A and for neutralising the system Na*
counter jons were added to balance the net charges of the systems and then 0.15 M NaCl was added. There were
about 58,116 atoms of the generated solvent model for the docked complex. Before MD simulations, minimiza-
tion and pre-equilibration of the system was done using default relaxation model in Desmond. NVT molecular
dynamic simulations were performed at 10 K for 100 ps with restraints on heavy atoms. Then, the system was
simulated for another 12 ps at 10 K with same settings. This was followed by NPT equilibration at 10 K for 12 ps.
The system was simulated for 12 ps at 300 K with restraints on heavy atoms. Finally restraints on heavy atoms
were removed and system was simulated for 24 ps at 300 K with thermostat relaxation time of 1 ps and barostat
relaxation time of 2 ps. After minimization and equilibration, molecular dynamic simulations were performed
at 300 K for 50 ns with Martyna-Tobias-Klein method. Data was collected every 1.5 ps during MD runs. The
obtained 5,000 MD poses were analyzed.

Energy calculations for the proposed radical carrier systems. In order to calculate the energies of
the proposed transition states, single point energy task was performed using Jaguar, version 8.8, Schrodinger,
LLC, New York, 2015. The proposed structures with radical localisation on particular atom were drawn suc-
cessively in the workspace, which were taken as the input structures. Spin multiplicity and charge were taken
according to the drawn structure i.e. spin treatment is spin restricted for closed shell molecules (RODFT) and
spin un-restricted (UDFT) for open shell molecules. The basis set used was LACV3P** and level of theory was
density functional theory (DFT) and the hybrid function used in these calculations was B3LYP. The method used
for accelerating the convergence SCF calculations was Direct Inversion in the Iterative Subspace (DIIS) and no
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solvent model was taken so that all the calculations were applied to gas phase structure and hence energies were
calculated for every system.

Calculation of equilibrium constant (K.;). In the present study, we calculated the energy of every sys-
tem i.e. starting from the neutral system (no radical character on the heme) and moving on with the radical
localisation at different sites-starting from heme to water loop and further to the respective peptide of channels
@, ‘b’ and ¢ and finally to Y385-OH. From the energy values, we calculated the enthalpy change AH. By taking
the assumption that the whole system is in equilibrium we are taking AS=0.

From the Gibbs free energy equation
AG = AH — TAS.

Under standard conditions
AG°®° = AH° — TAS®.

Here, AG®=standard change in Gibbs free energy, AH® = Standard Change in enthalpy.
T =temperature i.e. 298 K, AS° =standard change in entropy.
At equilibrium, AS°=0

AG® = AH°.

Also, AG=AG°+RT InK,,.

Again at equilibrium, AG=0.

So, AG®=-RT InK,,.

NOW, Keq — e—AGo/RT.

R =universal gas constant (1.9872 cal K mol™), K,, = equilibrium constant.

ProcedureforcalculatingpK,. ThepK, calculations were performed using Jaguar, version 8.8, Schrodinger,
LLC, New York, 2015. A series of calculations on the protonated form and on the deprotonated form of each of
the participating group of the three channels were performed followed by an empirical correction. The atom or
atoms whose pK, values are calculated were specified in pK, atom cell in the input tab. pK, atom was selected in
such a manner that it should be the acidic hydrogen atom in an acid, or the basic atom in a base. The method
used for accelerating the convergence SCF calculations was Direct Inversion in the Iterative subspace (DIIS) at
2000 iterations and water was selected as the solvent. After finishing the settings, job was run and after the job
completion, pK, values for each atom were added to the structure in the maestro output file.

Five participating groups of channel @ six participating groups of channel ‘b’ and seven groups of channel ¢’
were selected one by one in the protonated as well as the deprotonated form for calculating their respective pK,
(Figure S11). The pK, for the deprotonated atoms are shown in Table 1 in the main text.

Enzyme activity of the wt and mu COX-2. The arachidonic acid metabolic activity of the wt- as well as
the mu- COX-2 was checked by the enzyme immunoassay kits®. The recombinant proteins were purchased from
Merck, Sigma and Cayman Chemical Company. All the reactions of the enzyme immunoassays were performed
as per the kit protocol except the use of various mu COX-2. The activity of the mu COX-2 w.r.t. the wt COX-2
was determined by calculating the amount of PGE2 generated by each mu COX-2 and comparing with the PGE2
generation by wt COX-2. UV-vis spectra were recorded on BIOTEK Synergy H1 Hybrid Reader.

K., calculations. The Michaelis Menten constants of each of the mu COX-2 as well as the wt COX-2 for
arachidonic acid were determined by monitoring the formation of prostaglandins as a function of arachidonic
acid concentration. All the experiments were performed at pH 7.0 as per the protocol of enzyme immunoassay
kit® but the concentration of arachidonic was varied and the formation of prostaglandins was noted. 1/V, and 1/
[AA] were determined from the absorbance spectrax™. K, was determined from the slop of the plot between 1/
V, and 1/[AA]. K, =slope x V,,,, where V, ., was intercept on y- axis.

Procedure for COX inhibitory immunoassay. For studying the COX-1, COX-2 inhibitory activities
of the compounds, various reagents were prepared as per the protocol of the assays™. The compounds were
screened in triplicate at 107*~10"8 M concentration using the procedure as described in the previous report®.
The concentrations of the compound 1 causing 50% inhibition (ICs,) were determined using a dose response
inhibition curve (duplicate determinations) with GraphPad PRISM.

Analgesic and anti-inflammatory activity. Swiss albino mice of either sex (25-35 g) were used for
determining the analgesic and anti-inflammatory activity of the compounds. The animals were maintained at
22+2 °C under 12 h light/12 h dark cycle with free supply of food and water. The study was approved by the
IAEC of Guru Nanak Dev University, Amritsar, Punjab, India. A total of six groups of animals with 5 animals in
each group were used. The experimental procedure as described in our previous report®>>” was used for studying
the analgesic and anti-inflammatory activity of the compounds. All the treatments were given intraperitoneally
@i.p.)-

Mechanistic studies. Three groups of mice with 5 animals in each group were taken for exploring the inhibi-
tion of COX and LOX and modulation of nitric oxide pathway. For COX and LOX pathways, the animals were
pretreated with substance P, 30 min before administering 1. For nitric oxide pathway, animals were pretreated
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with nitric oxide precursor, L-arginine and NOS inhibitor, L-NAME, 30 min before administering 1. The details
of the protocols are described in previous reports®*.

Acute Toxicity Studies®®. Four groups of animals with three animals per group were taken. The first group was
administered the vehicle and served as the control group, the second, third and the fourth groups were treated
with 1 at doses of 50 mg Kg™', 300 mg Kg~! and 2000 mg Kg™', respectively. All the treatments were administered
after 4 h of fasting. Thereafter, the animals were observed continuously for the first four hours and periodically
for 24 h. After 14 days, one animal each in control and highest dose of 1 (2000 mg Kg™') was sacrificed and
histological studies were conducted using H and E staining.

In-vivo Pharmacokinetic studies were performed as per the previously reported protocol®’.

UV-Vis and fluorescence studies. In order to support in-silico experiments, the interactions of 1, 13d
and 15d with COX-2 were checked with UV-vis and fluorescence spectral techniques. The UV-Vis spectrum
of 1 at 1 uM concentration in Tris—HCI buffer (pH 7.25) exhibited absorption bands at 255 and 420 nm. Incre-
mental addition of COX-2 to the solution of 1 resulted in the absorbance decrease at 255 and 420 nm indicating
interactions of the compound with COX-2. The appearance of level-oft in the visible region (500-700 nm) was
attributed to the Mie scattering due to the formation of aggregates. The fluorescence spectrum of 0.5 uM solution
of 1 in Tris—-HCI buffer (pH 7.25) exhibited emission band at 567 nm when excited at 420 nm. Upon addition
of COX-2 to the aqueous solution of the compound, there was significant quenching in fluorescence emission.
Corroborating the results of molecular modelling studies, the changes in the UV-Vis spectra as well as the
fluorescence spectrum of the compound on addition of COX-2 probably occurred due to the HOMO-LUMO
interactions between 1 and the enzyme (Figure $26). The linear Stern—Volmer plot of decrease in fluorescence
intensity at 567 nm on increasing COX-2 concentration gave Stern-Volmer constant Ksv 3.30x 10* M". The
detection limit of the compound for COX-2 was 0.02 nM (Figure S26C,D).

HOMO-LUMO analysis. Keeping in view the hydrophobic and hydrophilic interactions of the molecule
through acridone and pyrimidine moieties, respectively, the HOMO-LUMO analysis of the ligand and the
enzyme-substrate/ligand complex was performed so that the change in fluorescence of compound 1, 13d and
15d in the presence of COX-2 was justified. The geometry optimization and calculations for the compounds
were performed by using density functional theory (DFT) level of Jaguar-Schrodinger. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies at B3LYP/6-31G**
level were calculated. PBF solver was used for optimization of structure in both the gaseous and solution phase.
In compound 1, HOMO maps were located on the acridine part of the compound. Docking studies of com-
pound 1 with COX-2 also showed the involvement of acridine moiety in protein-ligand interactions. The LUMO
maps were located on the indole-pyrimidine moiety of the compound. As predicted from the molecular mod-
elling studies, the acridone part of compound 1 is placed in the hydrophobic pocket of COX-2 and it exhibits
n—71t interactions with Y348, W385 and W387; the transfer of electron between HOMO of acridone and the
Y348/W385/W387 may be responsible for the quenching of fluorescence of compound 1 in the presence of the
enzyme. Moreover, LUMO of 1 also interact with the water loop. While HOMO of 13d and 15d do interact with
W387 but their LUMO did not interact with the water loop. The lowest unoccupied molecular orbital/highest
occupied molecular orbital (LUMO/HOMO) energy gaps AEg for compound 1 were calculated (Table S4, Fig-
ure S25).
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