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Abstract: The new molecule 4-[(2S)-2-(1H-imidazol-1-yl-
methyl)-5-oxotetrahydro-1H-pyrrol-1-yllmethylbenzenecar-

boxylic acid (MMK16) was found to have promising anti-in-
flammatory activity. This biological behavior of MMK16 trig-
gered our interest to study its binding affinity using NMR
spectroscopy in LOX and its docking and molecular dynam-
ics (MD) properties in LOX and COX enzymes. The present

NMR and docking binding studies not only rationalize the
obtained biological results since in all three receptors
MMK16 shows high affinity and scoring but also make it a
potential dual LOX-5/COX-2 inhibitor. Thus, this class of
molecules must be further investigated for discovering
compounds possessing better biological activity and more
lasting biological effect.
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1 Introduction

Arachidonic acid is liberated from the membrane bilayer
due to the enzymatic action of enzyme cPLA,." Arachidon-
ic acid is the precursor of the formation of eicosanoids,
lipid mediators that are involved in inflammation and
cancer. Cyclooxygenase (COX), the key enzyme in prosta-
glandin biosynthesis, exists in two distinct isoforms, namely
COX-1 and COX-2.%3 COX-1 isoform is continuously ex-
pressed in most mammalian tissues and is often called
“housekeeping” enzyme. COX-2 is induced during inflam-
matory diseases™ and it constitutes a potential target to
develop new potent anti-inflammatory compounds.”®
Arachidonic acid is also the substrate for lipoxygenase-5
(LOX-5), the enzyme that converts arachidonic acid into
Leukotriene A, (LTA,)”. This is an unstable precursor of cys-
teinyl leukotrienes LTC4, LTD4, LTE, and dihydroxy leuko-
triene B,. Leukotrienes are potent eicosanoid lipid media-
tors with central importance in the process of inflamma-
tion, allergic disorders and asthma.®®'? Cyclooxygenase-2
and lipoxygenase-5 are now believed to participate not
only in the inflammation responses, but also in the progres-
sion of neoplasia." %

Based on the molecular characterization of commercial
SARTANs, synthetic peptidic and non-peptidic analogs, a
new avenue was explored in an attempt to design and syn-
thesize novel AT, antagonists."*?® Thus, MMK analogs have
been synthesized to possess pyrrolidinone as template in-
stead of biphenyltetrazole segment.”>*” The lack of signifi-
cant activity of the synthetic molecules as AT, antagonists
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led us to test them as anti-inflammatory drugs since it is
well known from the literature that pyrrolidinone analogs
have such a property.®" Incorporated to their structures is
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a carboxylate group which is well known to be associated
with anti-inflammatory activity. Among MMK analogs, 4-
[(2S)-2-(1H-imidazol-1-ylmethyl)-5-oxotetrahydro-1H-pyrrol-
1-yllmethylbenzenecarboxylic acid (MMK16, Figure 1) was
found to have the most promising biological properties.
The details of its synthesis and biological data will be re-
ported elsewhere.

In the present work, we attempt to rationalize the bio-
logical data referring to MMK16 by applying docking and
Molecular Dynamics calculations as well as NMR competi-
tive binding studies. Lipoxygenase-3 (LOX-3) was chosen as
a candidate target for the following reasons: (a) its un-
bound 3D crystal structure alone or bound to anti-inflam-
matory agents has been published; (b) pyrrolidinone ana-
logs are well known to act as anti-inflammatory drugs or to
promote anti-inflammatory action; (c) biophysical studies
results showed that MMKs have similar thermal effects in
lipid bilayers with those of NSAIDS.

Docking studies have been carried out at the active sites
of soybean LOX-3, LOX-5, and cyclooxygenase-2 (COX-2),
using Surflex-Dock and Glide algorithms. The binding
modes of MMK16 at the active site of these enzymes, using
Surflex-Dock and Glide were further compared to the bind-
ing modes of a known inhibitor of lipoxygenases (caffeic
acid at the active site of LOX-3 and LOX-5) and a known in-
hibitor of COX (aspirin docked at the active site of COX-2).
Competitive studies between caffeic acid and MMK16 are
also carried out using NMR spectroscopy.

Molecular docking calculations provide useful informa-
tion regarding the binding patterns within a protein com-
plex, along with a rough estimation of the principal interac-
tions involved. However, due to the lack of a dynamic de-
scription of the system, the selection of representative con-

) OH

Figure 1. Chemical structure of MMK16.
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formations and their corresponding interactions is not fea-
sible. Thus, in order to evaluate the docking results, we
have performed molecular dynamics simulations for
MMK16 inside COX-2 and LOX-5. Additionally, a more com-
plete understanding of the enzymes’ behavior may be
gained after the study of dynamic properties such as the
flexibility of the systems, dominant hydrogen bonding in-
teractions, conformational changes and hydrophobic envi-
ronment inside the binding cavities.

2 Experimental
2.1 Docking Studies

The structures of the three compounds, caffeic acid, aspirin
and MMK16 were constructed using the 2D sketcher
module of Sybyl 8.0 molecular modeling interface. The
structures were minimized using Tripos Force Field, Steep-
est Descent, Conjugated Gradient and Powell algorithms
(termination: Gradient 0.01 kcal/mol, max iterations: 5000).
The conformational space of the compounds, in order to
obtain low energy starting conformations, was explored
using the Simulated Annealing method.***¥ The com-
pounds were heated at 2000 K for 2000 fs and annealed at
0K for 10000 fs, for 100 cycles. This method resulted in
100 low energy conformations for each compound that
were used for docking calculations.

The X-ray crystal structure of soybean lipoxygenase (pdb
entry: 11K3)®¥ was obtained from RCSB Protein Data Bank
in order to get the detailed insights of the interactions be-
tween the enzyme-MMK16 and enzyme-caffeic acid. Prior
to docking studies a validation test was performed in order
to reproduce the conformation of the co-crystallized ligand
13-HPOD into the active site of soybean lipoxygenase. 13-
HPODI[9Z,11E-13(S)-hydroperoxy-9,11-octadecadienoic acid]
is a product derived from linolenic acid. The validation tests
using Surflex-Dock®*=” and Glide®® predicted the binding
mode of the ligand at the active site of the enzyme (RMSD
0.65 A and 0.95 A respectively, Figure S1).

In order to get the detailed insights of the interactions
between the enzyme cyclooxygenase-2 and compounds
MMK16 and aspirin, two X-ray crystal structures of the
enzyme were used. The X-ray crystal structure of COX-2 co-
crystallized with arachidonic acid (pdb entry:1CVU)®¥ and
the X-ray crystal structure of COX-2 co-crystallized with in-
domethacin (pdb entry: 4COX).“” Prior to docking studies,
validation tests were performed in order to reproduce the
conformation of the co-crystallized ligands for each X-ray
crystal structure. The validation tests using Surflex-Dock
and Glide predicted the binding mode of ligands arachi-
donic acid and indomethacin at the active site of the
enzyme with pdb entries 1CVU and 4COX, respectively
(RMSD < 1 A, Figure S2).

Due to the absence of a crystal structure for lipoxyge-
nase-5, a homology model of the enzyme was used for
docking calculations of MMK16 and caffeic acid at the
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active site of the enzyme. The homology model of lipoxy-
genase-5 was kindly provided by Li Du.""

The three crystal structures (11K3, 1CVU, 4COX) and the
homology model of lipoxygenase-5 were prepared using
the Protein Preparation Wizard utility provided by Schro-
dinger.™ According to this utility, bond orders were as-
signed, crystal water molecules were removed, hydrogen
atoms were added, metal Fe(lll) of lipoxygenases was treat-
ed (this option breaks bonds to metals and adjusts the
metal and the neighboring atoms), het states were generat-
ed for pH 7.0 for amino acids histidine, glutamic acid and
aspartic acid. The 3D structures of proteins were further re-
fined using restraint minimization method for hydrogens
only and constraint was set to 0.3 A (Force field OPLS
2005).

Docking calculations using Surflex-Dock for 1CVU, 4COX
and 1IK3 were performed through protomol generation by
ligand. The parameters used were threshold 0.5 and bloat 0
for COX-2, and a threshold of 0.3 and bloat 0 were applied
to LOX-3. Docking calculations referring to homology
model lipoxygenase-5 were performed through protomol
generation automatic. Protomol generation parameters
were threshold 0.5 and bloat 0. Pre- and post-dock minimi-
zations were performed to provide 5 possible solutions for
each annealed conformation.

2.1.1 Docking Calculations Using Glide for 1CVU, 4COX, 11K3
X-Ray Crystal Structures

Docking calculations were performed using the “Extra Pre-
cision” mode of this application. The binding site, for which
receptor grid files were generated, was defined by the co-
crystallized ligand of each X-ray crystal structure. Dimen-
sions of the enclosing box were 14 Ax14 Ax 14 A. “Extra
Precision” mode of Glide was also used for docking calcula-
tions at the active site of LOX-5. Receptor grid files were
generated through definition of active site’s amino acids
and Fe(lll). The size of the enclosing box was 14 Ax 14 Ax
14 A

2.2 MD Calculations

After performing molecular docking calculations, MMK16
was initiated from its optimal position (conformation ob-
tained by Glide) to run two MD simulations inside COX-2
(PDB: 1CVU) and LOX-5. An additional simulation was per-
formed for the unbound COX-2. MD simulations have been
carried out for the three systems with the SANDER module
from the AMBER 11 simulation package.”**? The proteins
were represented by the modified AMBER ff99SB force
field,* whereas the ANTECHAMBER module and the gener-
al AMBER GAFF force field“® with AM1-BCC charges™” were
used to obtain the force field parameters for MMK16. For
LOX-5, iron was modeled in a +Ill oxidation state (r,q,=
1.20, &,4,=0.05), with no bond restraint between Fe and
the ligand. The generalized Born/solvent accessible surface
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area (GB/SA) implicit solvent model™ was used (in all simu-

lations) to model the effects of solvation. The SHAKE algo-
rithm™ was applied to constrain all bond lengths involving
hydrogen to their equilibrium distance, and a 2 fs time
step was used. The Langevin thermostat with a collision
frequency of 3.0 ps™' was used to keep the temperature
constant.””

The MMK16-protein complex was subjected to 4000
steps of steepest descent minimization, before being used
as the initial conformation for a 50 ps MD equilibration. The
constant pressure equilibration brought gradually our
system from 0K to 300 K, and no cutoff was used during
that time. Finally, the equilibrated conformations were used
as the starting point for every subsequent molecular dy-
namics simulation.

In this study, complex systems containing MMK16 inside
COX-2 and LOX-5 as well as unbound COX-2 were simulat-
ed for 12 ns each. A cutoff was not used during the simula-
tion, that is, all non-bonded interactions were calculated.
For the trajectories obtained, further analysis (hydrogen
bonding, distance and Ca atomic fluctuation calculations,
solvent-accessible surface area, RMSD calculations) was real-
ized with the ptraj module under AMBER.

Solvent-accessible surface area calculations (SASA) calcu-
lations were based on the rolling ball algorithm described
in reference 51. A value of 1.4 A was used as a probe radius
for the water molecule. SASA values were obtained for
MMK16 inside the binding cavity of COX-2 and LOX-5. For
the hydrogen bonding calculations we used 3.5 A as a dis-
tance cutoff, along with an angle cutoff of 120°, for all dis-
tances and angles, respectively.

2.3 NMR Binding Studies

Samples for NMR STD experiments were prepared in 99.9%
D,O buffer containing 20 mM TRIS (98% D11), 7 mM
(ND4)2S0, (98% Ds), 3.5 mM MgCl, and 0.3 mM DTT (98%
D10), pD 9. Ligand concentration of 0.4 mM was used and
the protein concentration was 0.004 mM. Due to poor solu-
bility of caffeic acid its final concentration in solution was
0.08 mM.

STD NMR experiments® were recorded on Varian
800 MHz spectrometer equipped with cold probe with
spectral width of 9058 Hz, 8192 complex data points and
10000 scans. Relaxation delay was set to 9 s. Selective on-
resonance irradiation frequency was set to 0.32 ppm. Satu-
ration time was initially set to 0.4 s and was then increased
to 2 s to obtain better signal to noise ratio in STD spectra.
Selective saturation was achieved by a train of 50 ms
Gauss-shaped pulses separated by a 1 ms delay. Off-reso-
nance irradiation frequency for the reference spectrum was
applied at 30 ppm. Water suppression was achieved with
excitation sculpting.”>** Spectra were zero filled twice and
line broadening function of 1 Hz was applied.
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3 Results and Discussion

3.1 Docking Studies of Aspirin and MMK16 at COX-2 Active
Site

Aspirin is one of the most widely used non-steroidal, anti-
inflammatory drugs worldwide.®" Aspirin inhibits cyclooxy-
genase activity through the irreversible formation of a co-
valent bond with amino acid Ser530. Docking results of as-
pirin were obtained using the pdb entries 4COX and 1CVU,
with Surflex-Dock and Glide. Both algorithms showed iden-

Val 349

Ala 527

N. Neophytou et al.

tical results and aspirin is localized at the active site in the
same way as observed for indomethacin and arachidonic
acid.

Figure 2 shows a representative pose of aspirin located
in the active site of COX-2 (pdb entry: 1CVU) using Surflex-
Dock algorithm.

The orientation of MMK16 in the same pdb entries and
using both algorithms was found to be at the same active
site. A representative pose using Surflex-Dock is shown in
Figure 3. The imidazole ring is positioned at the entrance
of the hydrophobic channel (amino acids Tyr355 and

Phe 381

Figure 2. Docking results of aspirin at the active site of COX-2 using Surflex-Dock. The carbonyl group of aspirin forms a hydrogen bond
with hydrogen of the phenolic hydroxyl group of the amino acid Tyr385 (O--HO=2.75 A, 0--0=3.62 A).

Phe 518

A

e ar o
Val523 '

Ala 527

Figure 3. Docking results of MMK16 at the active site of COX-2 (pdb entry:1CVU) using Surflex-Dock.
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Arg120) and the carboxylate group is directing towards
Tyr385. Three hydrogen bonds (HB) are observed namely,
of a nitrogen of imidazole ring with guanidino group of
Arg120 (N--HN=2.62 A, N--N=3.31 &) and the two oxy-
gens of carboxylate group with hydroxyl group of Ser 530
(0~HO =1.82A4, 0-0=2694) and phenolic hydroxyl
group of Tyr385 (0-~-HO=1.76 A, 0--0=2.66 A). MMK16 is
further stabilized through van der Waals interactions with
the amino acids shown in Figure 3.

3.2 Docking Studies of Caffeic Acid and MMK16 at LOX-3
and LOX-5 Active Site

Docking results of caffeic acid into the active site of soy-
bean LOX-3 (pdb entry 11K3) using Surflex-Dock and Glide

(a)

lle 557

His 523
}) /H
Fe (III)

lle 857

Ala 561

lle 557

molecular

(I . 3 e
INTormarnics

are indicated in Figure 4. The use of both algorithms re-
veals that the carboxyl group of caffeic acid is positioned
towards Fe(lll). Surflex-Dock reveals the formation of a hy-
drogen bond between one phenolic hydroxyl group of caf-
feic acid and amino acid GIn514 (0-~HO=1.34 A, 0-0=
2.74 R). In contrast, the results obtained by Glide software
reveal the formation of two hydrogen bonds between the
two phenolic hydroxyl groups and amino acid GIn514
(0-~HO=2.26 A, 0--0=3.16 A and 0O-~-HO=1.76 A, 0--O=
2.70 A).

Docking studies of MMK16 suggest that the compound
is oriented towards the active site of LOX-3 in such a way
that the imidazole ring interacts electrostatically with Fe
(IM). In both algorithms is observed that the compound is
also stabilized through van der Waals interactions with the

lle 572

N
J\J N

GIn514

Val 566

Trp 519

Gin 514

Figure 4. Docking results of caffeic acid at the active site of LOX-3 using a) Surflex-Dock and b) Glide.
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Trp 519

Leu 565

Gln 514

lle 770

Leu 565

Gin 514

Figure 5. Docking results of MMK16 at LOX-3 using a) Surflex-Dock (N--Fe(lll)=2.35 A) and b) Glide (N--Fe (lll)=2.63 A).

amino acids shown as lines in Figure 5. MMK16 is oriented
at the active site of LOX-3 in a fashion that the aromatic
groups (benzyl and imidazole rings) are stabilized near hy-
drophobic residues.

Caffeic acid has been also docked into the active site of
LOX-5. As shown in Figure 6, both algorithms reveal the
same orientation of the compound at the active site. The
results only differ on the number of hydrogen bonds. Sur-
flex-Dock proposes a hydrogen bond network between the
phenolic hydroxyl groups of caffeic acid and amino acids
GIn364 (O--HN=2.67 A, O--N=2.70 A, and O--HN=2.11 A,
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0-~N=2.17 A for one hydroxyl group. For the second hy-
droxyl group the distances are O--HN=2.17 A and O--N=
3.18 A) and GIn558 (O--HN=1.64 A and O--N=2.84 A). The
oxygens of the carboxylate group form two hydrogen
bonds with amino acid Asn408 (O--HN=1.98 A, O--N=
295 A and O0-~HN=2.63 A, 0--N=3.06 A). On the contrary,
Glide reveals the formation of a hydrogen bond between a
phenolic hydroxyl group and amino acid Asn426 (O-+-HO=
1.89 A and 0--0=1.83 &), and between an oxygen of the
carboxylate group and amino acid Gln 558 (O--HN=2.01 A
and 0--0=1.83 A).

Mol. Inf. 2011, 30, 473 - 486
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(a)

Leu 369

Asn 408

(b)

Gin 364
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GIn 364
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Fe (llI)
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| Phe 360
| His 601
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¥ GiIn 558
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Figure 6. Docking results of caffeic acid at LOX-5 using a) Surflex-Dock b) Glide.

Docking studies of MMK16 at the active site of LOX-5,
propose that MMK16 is orienting towards the active site in
a manner that electrostatic interaction between imidazole
ring and Fe(lll) is observed, as depicted in Figure 7. Surflex-
Dock results reveal the formation of a hydrogen bond be-
tween the oxygen of the pyrrolidinone ring and amino acid
GIn364 (O-~HN=2.57A and O-N=3.03A) and His433

Mol. Inf. 2011, 30, 473 - 486
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(0--HN=2.04 A and 0--N=2.67 A), in contrast to Glide that
suggests the formation of a hydrogen bond between an
oxygen of the carboxylate group and amino acid Asn 426
(O-~HN=2.12 A and O--N=2.78 A).

In Table 1 the binding affinity results are presented as
obtained from Surflex-Dock for compounds caffeic acid, as-
pirin and MMK16. Note that Surflex-Dock score is expressed
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Table 1. Comparative scores between MMK16 and the reference compounds aspirin and caffeic acid using XP Gscore and Surflex-dock

score values.

11K3 11K3 LOX-5 LOX-5 1CVU 4COX 1CVU 4COX

XP Gscore —logKy XP Gscore —logKj XP Gscore XP Gscore —logKy —logKy
Caffeic acid —5.23 3.10 —5.89 3.62 - - - -
MMK16 —6.80 4.15 —5.30 6.40 —9.21 —5.91 7.07 5.16
Aspirin - - - - —6.69 —6.40 3.14 3.08

Leu 415

His 368

(b)

lle 416

Ala 425

Asn 426

His 368

Figure 7. Docking results of MMK16 at the active site of LOX-5 using a) Surflex-Dock (N--Fe(lll)=2.14 A) and b) Glide (N--Fe(lll)=3.05 A).

as —logKy (K, refers to dissociation constant). This means
that the higher the positive value of the score, the more
stable the protein-ligand complex. In terms of XP Gscore,
the more negative the value is the more stable is the com-
plex of protein-ligand.

480  www.molinf.com © 2011 Wiley-VCH Verlag

The results of Table 1 show that MMK16 has comparable
binding scores with the reference compounds in LOX-3,
LOX-5 and COX-2. In most of the cases, these values are
even higher, indicating that MMK16 is a molecule that is
worth to be biologically evaluated as LOX-5 and COX-2 in-

hibitor.

GmbH & Co. KGaA, Weinheim
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RHMSD /A

Time /ns

Figure 8. RMSD of COX-2 (1CVU) starting from the structure ob-
tained after the Glide calculations and overlapped on the same
structure. Superpositions of different backbone atoms are dis-
played: Ca (light gray), Ca of the membrane-binding domain
alone (residues 73-123, dark gray, top), and Ca of active site resi-
dues (His90, Arg120, GIn192, Val349, Tyr355, Tyr385, Arg513,
Val523, Gly526, Ala527 and Ser530, black, bottom).

3.3 Molecular Dynamics Studies of MMK16 at COX-2 Binding
Site

The molecular dynamics simulation of the MMK16-COX-2
complex was initiated from the configuration obtained
after the docking calculations (Glide). A noticeable confor-
mational change of the protein in the beginning of the
simulation was followed by structural rearrangements

N~k
Asp362 YA ™

™

MMKI16

-

Argl20

\ ‘i\
\

molecular
informatics

during the first 5 ns, and eventually resulted in a relatively
stable trajectory. These deviations suggest that the docked
structure may not be representative for the system which
rather equilibrates towards different conformations. The
high degree of stability for COX-2 afterwards, is indicated
by the consistency of structural deviations during the simu-
lation (Figure 8, light gray). A Ca-based RMSD calculation
with respect to the Glide-obtained conformation of COX-2
yielded average values of ~3 A, implying that despite the
aforementioned conformational changes, the simulation
presented moderate fluctuations around a stable average
structure. Backbone RMSD for the membrane-binding
domain (residues 73-123, Figure 8, dark gray, top) appears
equally pronounced, thus suggesting that the complex
structure was primarily influenced by changes occurred
around this region. It is also observed that some structural
changes of the membrane-binding domain (e.g. at 4ns,
and 9ns) had some impact on the active site (Figure 8,
black, bottom). The latter followed a similar pattern (confor-
mational change in the beginning of the simulation), which
resulted in a stable structure for the active site region
(~1.4A).

Whereas the conformation of COX-2 complex remained
relatively stable (after 5 ns), certain regions of the protein
presented differences in flexibility. Ca atomic fluctuation
calculations for each amino acid of COX-2 revealed that res-
idues such as Glu66, GIn318 and Gly551 appear increasingly
flexible, whereas all active site residues belong to the most
stable region of the protease with average fluctuations less
than 1 A (Figure S3 and Table S1). In agreement with this
observation, the active site in the unbound form of the
protein, also appears highly stable (Table S1). This renders
the catalytic system as the favorable candidate for sub-

Figure 9. MD results showing hydrogen bonds between MMK16 and active site residues of COX-2. Three principal interactions involving

Arg120, Ser530 and Asp362 stabilize MMK16 inside the protein.
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strate—protein interactions. The increased flexibility of resi-
dues 65-80 (1.5 A-2.8 A) may have resulted in the afore-
mentioned structural changes observed for the binding
domain (Figure 8, dark gray, top).

Hydrogen bonding analysis on the MD trajectory re-
vealed the reason for the initial instability of the system as
observed above. During the course of the simulation, it ap-
peared that the initially observed HB between the imida-
zole ring of MMK16 and Arg120 has been replaced by a
more stable interaction, namely between the pyrrolidinone
oxygen of MMK16 and Arg 120, thus resulting in a displace-
ment of MMK16. Consequently, the MMK16 imidazole ring
was associated with Asp362 to form another hydrogen
bond. This rearrangement also gradually diminished the
MMK16-Tyr385 interaction that seized to exist after the first
ns. However, the MMK16 carboxylate-Ser530 HB is pre-
served all through the MD calculations. HB interactions as
% occurrence during the simulation are summarized in
Table 2, denoting the structural changes induced to the
protein: principal HB patterns obtained from the docking
calculations may still be present (MMK16-Ser530), while

Table 2. Principal HB Interactions involving MMK16 and COX-2. O,
01, 02 and N refer to MMK16 atoms. Hydrogen bonds occurring
less than 10% of the simulation time are not shown.

Interaction Occurrence Comment

Pyrrolidinone O with guani- 93 %
dine Arg120

Carboxylate O1 with OH, 47 %
Ser530

Imidazole N with amide N, 25%
Asp362

Carboxylate 02 with OH, 1%
Ser530

Appears throughout the
simulation
Equally distributed

Appears mostly after 5 ns

RKSD /A

0 1 1 1 1 {

0 2 4 6 8 10 12

Time Ins

Figure 10. RMSD of COX-2 residues Arg120, Asp362, and Tyr385
that participate in unstable HB interactions.
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others are unstable (MMK16-Tyr385). A representative bind-
ing pose for MMK16 inside COX-2 is illustrated in Figure 9.

The rearrangement of the hydrogen bonds has obviously
contributed to the structural changes observed during our
analysis. Considering the RMS deviations for Arg120,
Asp362 and Tyr385 (Figure 10), we observe that the struc-
tural changes associated with HB formation resulted in a
conformational rearrangement of the active site. This, along
with the structural change of the membrane-binding
domain induced an average ~3 A deviation for the whole
protein, eventually leading to a stable, yet altered trajecto-

ry.

3.4 Molecular Dynamics Studies of MMK16 at LOX-5 Binding
Site

Contrary to COX-2, RMSD analysis on the LOX-5 trajectory
indicates that a structural change induced to the protein
cannot be attributed to conformational changes of the
active site (Figure 11). The structure of the protein is stabi-
lized in a new conformation (RMSD form initial docked
structure =3.2 A), while the active site region appears
almost identical to the initial conformation with average
RMSD below 0.5 A. This combination of events suggests
that the change in the conformation of the protein may
have resulted by interactions irrelevant to the active site.
Furthermore, it could be assumed that the active site resi-
dues do not participate in any hydrogen bonds with
MMK16, since their conformations remain stable while the
overall conformation of the protein has changed. Addition-
ally, Ca atomic fluctuation calculations for the active site
residues support this claim, since all fluctuations for resi-
dues His368, His373, His551, Asn555 and lle674 are well
below 1 A.

To further test our docking results we have calculated
the distance between the imidazole ring of MMK16 and Fe
() in the active site (Figure S4). In accordance to the Sur-
flex-Dock results, the Fe-ring distance remains very stable
around the average 2.15 A. Even though Glide provided
also a realistic description of the interaction (=3 A), it
seems overestimated.

Hydrogen bonding analysis for the complex of LOX-5 in-
volves MMK16 in principal interactions with residues
GIn364, Asn426 and His601. In agreement with the docking
results, a striking observation is that all HB-participating
residues are not considered active site residues. Thus, the
structural change of the protease may have been induced
by a corresponding rearrangement of the hydrogen bonds
in another region, without affecting the active site. Surflex-
Dock predicted a HB between the pyrrolidinone oxygen of
MMK16 and both GIn364 and His433. Although the MD
analysis also revealed an interaction between MMK16 and
GIn364, it did not yield any results associating His433. Fur-
thermore, it was shown that one of the carboxylate oxy-
gens (instead of pyrrolidinone oxygen) interacts with
GIn364. The MMK16 carboxylate O—-Asn426 interaction sug-
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gested by Glide is also present for half of the simulation,
along with a non-predicted MMK16-His601 HB for the
second part of the simulation. RMSD calculations for the
HB-involved residues GIn364, Asn426 and His601, revealed
structures resembling the initial ones with very minor fluc-
tuations ranging from 0.4 A to 0.8 A (Figure S5, supporting
information). In general, the findings confirm Glide and Sur-
flex-Dock studies (Table 3).

Table 3. Principal HB Interactions involving MMK16 and LOX-5. O1
and 02 refer to the carboxylate oxygen atoms of MMK16. Hydro-
gen bonds occurring less than 10% of the simulation time are not
shown.

Occurence Comment

01 or 02 with  82%
His601
01 with Asn426 32%

Interaction

Appears mostly during the 1** half of
the simulation

Appears only in the beginning of the
simulation

O1 with GIn364 10%

Our docking calculations suggest that MMK16 presents
higher binding affinity inside COX-2 instead of LOX-5 (see
Table 1). This could be partially attributed to the greater
number (and the greater appearance frequency) of hydro-
gen bonds that stabilize MMK16 inside the COX-2 binding
cavity (compare Tables 2 and 3).

3.5 Hydrophobicity of MMK16 Inside COX-2 and LOX-5

In order to investigate the role of hydrophobicity in bind-
ing, we have calculated the SASA of MMK16 inside the two
protein cavities. Histograms of SASA values for the two sys-
tems are presented in Figure 12. MMK16 inside COX-2 ap-

RMSD /A
N
T
L

0 L | 1 1 L
0 2 4 6 8 10

12
Time /ns

Figure 11. RMSD of LOX-5 starting from the structure obtained
from the Glide calculations and overlapped on the same structure.
Superpositions of different backbone atoms are displayed: a) Ca,
and b) Ca of active site residues (His368, His373, His551, Asn555
and lle674).

pears to have almost two times greater water-accessible
area (as expressed by a broader distribution, average
23.4 A% than inside LOX-5 (average 13.0 A%). The increased
hydrophobicity of MMK16 inside LOX-5 may additionally
contribute to the better binding affinity for MMK16 inside
COX-2.

3.6 Investigation of MMK16 Binding with STD NMR
Experiments

Binding of compound MMK16 to LOX-3 was investigated
using saturation transfer difference (STD) experiments.

20 L L] 1 1 20 T T I I 1 1
a b

15 - . 15 |- -
5
3 10 + N
(6]

5 L -

o || . 1

0 10 20 30 40 50
SASA /A? SASA /A2

Figure 12. SASA histograms for MMK16 inside a) LOX-5, and b) COX-2.
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There were no MMK16 signals present in STD spectrum.
This indicated that the binding regime of the compound
MMK16 is not appropriate for STD experiments. Possible is
that the compound binds either too strongly or it does not
bind at all. To clarify this situation we have decided to per-
form a competition STD NMR experiment.®? As mentioned
above, caffeic acid is a known inhibitor of LOX-3 enzyme. In
principle, STD signals of reporter ligand (caffeic acid in this
case) should have reduced intensity when a strong binding
competing ligand is added to the solution. Unfortunately,
STD signals of caffeic acid recorded with the protein were
very weak because of poor solubility of caffeic acid and
were not appropriate for measuring intensity changes.
However, when both compounds MMK16 and caffeic acid
were recorded, the signals of compound MMK16 appeared
in STD spectrum. This most probably indicates that due to
competition between the two ligands, MMK16 binds with
lower affinity and therefore falls into binding regime when
STD signals can be observed. Less likely is that caffeic acid
somehow promoted binding of compound MMK16
(Figure 13).

4 Conclusions

All docking results of MMK16 into the active site of cyclooxy-
genase suggest that MMK16 might inhibit the entrance of
the substrate arachidonic acid into the binding cavity. This
is due to its adopted orientation and the stabilization
through electrostatic interactions inside the protein.

Docking and NMR binding results of MMK16 and caffeic
acid into the active site of soybean Lipoxygenase-3 pro-
pose the competitive action between the two molecules at
the active site without excluding a possible synergistic
mechanism.

All members of lipoxygenase superfamily share an overall
folding pattern and contain very similar non-heme iron
binding sites. This is of a special interest in the present
study, as an effort has been undertaken to predict the pos-
sible inhibitory activity of MMK16 at LOX-5 enzyme. The re-
sults of Table 1 (XP Gscore, —logK,) showed that the bind-
ing of MMK16 is favored in contrast to known inhibitor caf-
feic acid at the active site of LOX-5. The orientation of
MMKT16 at the active site is very important as the imidazole
ring interacts electrostatically with Fe(lll). MMK16 occupies
the position of substrate aracidonic acid and is further sta-
bilized through van der Waals and hydrogen bonding inter-
actions inside the cavity.

The observations through docking, accompanied with
MD as well as NMR binding studies suggest that the anti-
inflammatory activity of MMK16 may be based on the in-
hibition of LOX-5/COX-2 enzymes.

Molecular dynamics simulation for the MMK16—COX-2
complex provided further insights into the binding modes
of the protein. After the initial deviation from the docked
system, the structure was eventually stabilized in a new
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conformation, determined primarily by the behavior of the
membrane-binding domain and active site residues. Al-
though it presented a very low degree of flexibility, the
active site region underwent a structural rearrangement to
account for more favorable interactions with MMK16
(namely with Arg120 and Ser530). MD results were comple-
mentary with those observed with docking ones because
they showed that interactions of MMK16 with Tyr385 were
unstable. A modified hydrogen bond network between
MMK16 and COX-2 brought the complex to a stable state.
Furthermore, an MD simulation was performed for MMK16
bound to LOX-5 to observe a similar, rapid structural
change. A rearrangement of the MMK16-involved hydrogen
bonds was also the reason for such a behavior. However,
the remarkable stability of the active site residues through-
out the simulation implied that they do not participate in
any interactions with the substrate. A combination of hy-
drogen bonding interactions between MMK16 and (non-
active site) residues 364, 426 and 601, eventually allowed
the system to converge. Nevertheless, an electrostatic inter-
action with iron keeps MMK16 relatively near the active site
(Fe-MMK16 distance ~2 A). Finally, an attempt to explain
the finding that MMK16 presents higher binding affinity
inside COX-2 than inside LOX-5 is offered, after evaluating
the hydrogen bond patterns and the hydrophobic environ-
ment around MMK16: The greater number and occurrence
of hydrogen bonds in COX-2 complex, along with the de-
creased hydrophobicity of the environment of MMK16
inside COX-2 may play significant role in the higher binding
effect of COX-2 system.
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