264

DOI: 10.17344/acsi.2024.8726

Acta Chim. Slov. 2024, 71, 264-287

creative
commons

Scientific paper

In Silico Exploration of Molecular Mechanisms
for Inhibiting Inflammatory Responses by
3H-Thiazolo[4,5-b]pyridin-2-one Derivatives

Olena Kleninal>%*

! Danylo Halytsky Lviv National Medical University, Faculty of Pharmacy, Department of General, Bioinorganic,
Physical and Colloidal Chemistry, 69 Pekarska Str. Lviv, 79010, Ukraine

2 San Pablo CEU University, Faculty of Pharmacy, Department of Chemistry and Biochemistry,
Urbanizacion Monteprincipe, 28668 Boadilla del Monte, Spain

* Corresponding author: E-mail: olena.klenina@ceu.es; olena_klenina@yahoo.com
Phone: +380 98-051-9298; +34 674170236

Received: 03-01-2024

Abstract

Combined in silico strategy for molecular mechanisms exploration of a series 3H-thiazolo[4,5-b]pyridin-2-ones exhibit-
ing strong anti-exudative action through QSAR analysis, molecular docking and pharmacophore modelling is reported.
GA-ML technique was used for QSAR models generation with 2D autocorrelation descriptors. One- and two-parameter
regressions revealed that certain structural patterns or heteroatoms contribute mutually to the anti-exudative activity po-
tentiation. Possible action mechanisms were discovered through flexible docking simulations with cyclooxygenase path-
way enzymes (COX-1, COX-2, mPGES-1). Docking results indicated the possibility of stable complexes formation with
the effective docking scores and proper orientation of ligands within the enzymes active sites. Pharmacophore modelling
was carried out using protein-ligand interaction fingerprints methodology. Two- and three-centre 3D pharmacophore
queries were constructed. Their analysis indicated the functionality of bicyclic thiazolopyridine scaffold proved by the
steric placement of heteroatoms in the corresponding pharmacophore centres.

Keywords: Thiazolo[4,5-b]pyridines, COX inhibitors, mPGES-1 inhibitors, QSAR analysis, docking, pharmacophore

modelling

1. Introduction

The development of anti-inflammatory drugs occu-
pies an important role in the field of modern pharmacolo-
gy. Among the different signalling molecules involved in
inflammatory stage arachidonic acid (AA) and its metabo-
lites contribute strongly to the development of inflamma-
tory and related symptoms.! Arachidonic acid, formed
during the release of phospholipids from cell membranes,
can be metabolised by the cyclooxygenase or lipoxygenase
pathways. The cyclooxygenase pathway of AA metabolism
leads to prostaglandin H2 (PGH2) formation via two suc-
cessive steps both catalysed by COXs. PGH2 serves as a
precursor for different PG biosynthesis including PGD2,
PGE2, PGI2, and TXA2 depending on the expression of
specific terminal synthases. Cyclooxygenases (COX-1 and
COX-2) are the key emzymes involved in the arachidonic
acid cascade.? Classical non-steroidal anti-inflammatory

drugs (NSAIDs) are diverse group of compounds used for
the treatment of inflammation.® The first generation of
NSAIDs exert anti-inflammatory, analgesic, and antipyret-
ic effects through the non-selective inhibition of both
COX isoforms. Their use is associated with side effects
such as gastrointestinal and renal toxicity. Selective COX-
2 inhibitors (rofecoxib, celecoxib, valdecoxib etc.) were
developed as the second generation of NSAIDs with im-
proved gastric safety profile and therefore more safe. Mi-
crosomal prostaglandin E synthase-1 (mPGES-1) is the
terminal enzym in PG biosynthesis pathway and catalyses
the conversion of PGH2 to PGE2.> PGE2 is a well-charac-
terized mediator of inflammation and pain. Therefore
mPGES-1 is a novel attractive target with a low risk of side
effects. Very few inhibitors of mPGES-1 were identified in
experimental screening efforts. Some novel synthetic
mPGES-1 inhibitors among different classed of compounds
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were identified in the recent decades by using high-through-
put screening (HTS) strategy.® Thus, it is highly desirable to
design and discover novel mPGES-1 inhibitors with differ-
ent scaffolds in order to develop next-generation therapeu-
tics for anti-inflammatory diseases treatment.

Thiazole-based derivatives are actually a considera-
ble group of heterocyclic compounds possessing a signifi-
cantly broad spectrum of pharmacological actions and
therapeutic effects against many pathological states. In the
last years the scaffold consisting of thiazole ring linked to
pyridine one and functionalized with different fragments
has attracted considerable interest due to diverse activi-
ties.” A great number of publications have been currently
reported thiazolopyridines biological evaluations as po-
tent antihypertensive,® antioxidant,” antifungal,'® antimi-
crobial,!! antidiabetic,'? anti-inflammatory,’® tuberculo-
static,!* herbicidal'® and anticancer agents.!¢ Furthermore,
fused thiazolopyridine analogues are also known as Hj re-
ceptor antagonists,!”” phosphoinositide 3-kinase inhibi-
tors!® and glucokinase activators.'’

In the past decade fused thiazole-based derivatives
became an integral part of new anti-inflammatory agents’
discovery. A wide range of synthetic thiazole-bearing de-
rivatives have been studied for their anti-inflammatory
properties including COX-1/COX-2 inhibitory action.?
Mobhareb et al.?! reported the synthesis of eleven series of
novel fused thiazoles derived from 2-(2-oxo0-2H-chromen-
3-yl)thiazol-4(5H)-one and their anti-inflammatory activ-
ity evaluation using a carrageenan-induced paw oedema
model. All synthesized compounds showed anti-inflam-
matory activity in the range of 33-96%. Development of
novel benzothiazole moiety compounds as promising
COX-1/COX-2 inhibitors was reported by El-Kerdawy et
al.?? They synthesized a series of new 3-methylbenzo[4,5]
imidazo[2,1-b]thiazol-2-yl)nicotinoyl)-N-substituted de-
rivatives with the aim to evaluate their anti-inflammatory
activity and mechanism of action. The anti-inflammatory
activity of this compounds performed by carrageenan-in-
duced mouse paw oedema was in range of 49.0-79.5%.
Also, evaluation of COX-1/COX-2 inhibition was per-
formed which revealed non-selective inhibitory activity of
benzimidazothiazoles towards both COX isoforms with
some compounds being more potent compared to celecox-
ib and naproxen. Some novel benzyloxybenzo[d]thiazole
and phenoxylethoxylbenzo[d]thiazole analogues were
synthesized and evaluated in vivo as potential anti-inflam-
matory and analgesic agents.?® These derivatives were rec-
ognized as promising starting points for the development
of COX-2 selective inhibitors.

Thiazole scaffold may be also looked through as an
attractive pharmacological profile for the further rational
design and discovery of novel mPGES-1 inhibitors as safe
and potent NSAIDs. Ongoing efforts are made to identify
alternate action modes of thiazole-scaffold bearing com-
pounds which may feasibly lead to reduced PGE, level.
Smith et al.?* reported the inhibitory activity of 2-amino-

thiazole derivatives directed to PGE2 production decreas-
ing. A series of 2-aminothiazole congeners was synthe-
sized and tested for the ability to reduce the production of
PGE, in HCA-7 cells. A total of 36 aminothiazoles were
evaluated, and active compounds with limited COX-2 in-
hibition were identified. One of the derivatives exhibited
the most potent cellular PGE, reducing activity of the en-
tire series (ECsy = 90 nM) with ICs, value for COX-2 inhi-
bition of >5 uM in vitro. Identification of novel dual LOX/
mPGES-1 inhibitors as 2-aminothiazole-featured pirinixic
acid derivatives was also reported,?® one compound among
them suppressed mPGES-1 (ICsy = 0.4 uM) and 5-LOX
(ICs0 = 0.3 uM) in cell-free assays.

In the present study we propose a combined in silico
approach, based on efficient multistep virtual screening
workflow, which may accelerate and facilitate the identifi-
cation of novel selective COX-2 and mPGES-1 inhibitors
among fused thiazole-scaffold bearing compounds.

2. Materials and Methods
2. 1. QSAR Study

2D structures of all molecules were drawn with ACD/
ChemSketch chemical drawing software package. Later on,
they were converted to 3D structures using Hyper-Chem
7.5 software.?® Energy minimization of all compounds was
performed with MM+ force field, and repeated minimiza-
tion was performed using semi-empirical AM1 quan-
tum-chemical method until the root-mean-square (rms)
deviation of 0.01 kcal/mol would be achieved. Conforma-
tions of compounds were optimized through semi-empiri-
cal AM1 method with the global minimum selection among
all energy-minimal conformers. 3D globally minimized
structures as hin HyperChem output were converted into
smi format, SD file was prepared with E-BABEL on-line ver-
sion and utilized as the input for E-DRAGON software.?”
Molecular descriptors were calculated within 20 subsets,
constant and near constant values of descriptors were dis-
carded, and finally over 1666 descriptors were saved and
further analyzed. Descriptors with pairwise correlation co-
efficient exceeding 0.5, determined based on the correlation
matrix analysis, were excluded from the descriptor general
set. Before starting the construction of the models, the de-
scriptor normalization procedure was carried out, the val-
ues of all generated descriptors were scaled as (1):

Xij—Xj,min

Xj = (1)

Xj.max_xj.min

where Xj; and X{! are the original and normalized values of
the descriptor j (j = 1, 2, ..., K) for ith compound (i = 1,
2,..., 32), respectively; Xj i, and Xj . are the minimal
and the maximal values for the j" descriptor. Thus, for all
normalized descriptors the following criteria are true:
min (X{) = 0 and max (X{) = 1. As a result, a set of 482
normalized descriptors for all compounds was prepared.
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In order to obtain a validated and predictive QSAR
models, we splitted the parent data set into the training
and test (validation) ones with the activity ranking algo-
rithm?® in the ratio 27:9, that is the training set consisted of
27 compounds (75% of all) while the validation set con-
tained 9 compounds (25%).

The training set was used in developing QSAR mod-
els with BuildQSAR software application?® where the bio-
logical activity as % protection to inflammation converted
to logarithmic value (log %) served as the dependent vari-
able, and the normalized molecular descriptors were inde-
pendent variables. In this work, the selection of the opti-
mal set of molecular descriptors was carried out using
genetic algorithm (GA) for searching the best models and
was processed in the terms of the highest correlation coef-
ficient and F-test as well as the lowest standard deviation.
Variables selection was carried out within each of descrip-
tors’ modules namely 0D-,1D-, 2D, 3D and module “Oth-
er” using previously reported approach.?® Multiple Linear
Regression (MLR) method was applied to perform the sta-
tistical processing of the QSAR structure-anti-exudative
activity models generation.

The statistical significance of the generated models
was determined by examining the coefficient of determi-
nation R?, standard deviation s, the value of the Fisher test
F. Adjusted regression coefficient R?,; was used to ensure
that all independent variables (predictors) contribute with
the equal significance to explain dependent (target) varia-
ble. R?,4; was defined as (2):*!

2
where # is the total set size (the total number of observa-
tions), p is the number of independent variables (the num-
ber of descriptors in the model), and #n-p-1 is the residual
degree of freedom.

Sum of squares for the regression (SS,egession 07 SSR)
was estimated as the sum of the differences between
the predicted value of the activity Y; y..g and the mean of
the dependent variable for the training set compounds
?tmim-ng (3), while the Mean square for the regression (MS,,.
gression O MSR) was an estimate of the variance of the re-
gression (4):

SSR = Z:‘:I(YL pred — ?rrmnmg)z (3)

M. SR - SSR /’ ])["Yregresmn (4)

where DF,ygpession is the degree of freedom for the regres-
sion: DFregression = P

As the cross-validation coeflicients are used as crite-
ria of both robustness and predictive ability of the generat-
ed QSAR models, we performed both internal and exter-
nal cross-validation procedure in the present study. The
internal validation of the models was examined using the
leave-one-out (LOO) cross-validation method with the

training set compounds. In the LOO cross-validation pro-
cedure, every compound was eliminated from the training
dataset once and its activity was then predicted as a weight-
ed average of the activities of its nearest neighbours using
formula 5:3%33

2
Yiexp— Yicaic
Qfoo =1- —E( - k) (5)

E(Yi exp— ?exp)z

where Y; ., and Y; . are the experimental and calculated
values of biological activity for molecule i of the training
set, respectively; ?exp is the mean value of the dependent
variable (log %). The summation in this and all the follow-
ing equations are done over all # compounds of the train-
ing set.

For the external validation, the group-one-out
cross-validation coefficient Q7go with the test set com-
pounds was calculated using formula 6:>

2z
2 =1 z(ytexp(test)_ Yicale (test))
Qigo = 1— (6)

= 2
E(Yi exp(test)™ thining)

where Y] exprest) a0d Y] careqress) are the activity values for the
validation set compounds, observed and predicted with
the corresponding model, respectively; and thim’ng is the
mean value of the experimantal activity of the training set
compounds only.

2. 2. Molecular docking studies

All the computational studies were carried out using
Molecular Operating Environment Suite 2012.10 (MOE);
Chemical Computing Group Inc. software.>>3¢

Construction and preparation of ligands database

The minimized 3D geometries of all compounds ob-
tained using the HyperChem 7.5 software for QSAR anal-
ysis were then converted into SD File format with Open
Babel version 2.3.2%” and were used as the input into MOE
with a database import function. We firstly generated mul-
tiple conformations of each ligand in the database on the
systematic search basis. We applied the grid search by ro-
tating each rotatable bond by a fixed angle increment (15°
for cyclic, 60° or 120° for acyclic bonds) followed by the
conformations’ energy minimization with MMFF94x
force field and duplicate geometries rejection. The maxi-
mum allowed conformations per compound was set to 200
and the energy window (the value used to discard high-en-
ergy conformations) was set to 7 kcal/mol. The RMS gra-
dient level was defined as 0.01 kcal/mol/A?, RMSD limit
was fixed at 0.25 kcal/mol/A? while 200 MM iterations
were allowed. A data set of 2545 conformations was pre-
pared in the way of systematic search.

Proteins processing and preparation

The X-ray crystallographic structures of the recep-
tors were retrieved from Protein Data Bank (www.rcsb.
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org/pdb): 2.0 A resolution structure of ovine prostaglan-
din H, synthase-1 (COX-1) in complex with a-me-
thyl-4-biphenylacetic acid (PDB code 1Q4G),*® 1.73 A
resolution structure of naproxen-COX-2 complex (PDB
entry 3NT1),* and 1.2 A resolution structure of human
mPGES-1 in complex with glutathione (GSH) (pdb code
4A10).%° They were then loaded into MOE working envi-
ronment.

The enzymes were prepared for docking studies in a
few steps. The receptors’ structures were prepared in the
way of the partial charges calculation, hydrogens were as-
signed with the “Protonate3D” function at pH 7.4. There-
after, residues within a radius of 3 A around the ions were
minimized (AMBER99 force field; RMS gradient 0.01
kcal/mol/A?). Thus the “Protonate3D” application auto-
matically optimized the hydrogen orientations so as to
maximize H-bond networks and minimize the overall
self-energy. The binding sites of the proteins were defined
by using the “Site Finder” tool in MOE. The co-crystalized
ligands were removed from protein-ligand complexes and
corresponding ligands locations were set as docking site
locations. Site Finder tool was applied for the defined
pockets, and ,,dummy atoms” were created.

Docking studying and scoring

The standard MOE Docking protocol was utilized
for the docking studies of the ligands database with COX-1
and COX-2. Residues within a radius of 4.5 A of the gener-
ated “dummy atoms” were selected, Alpha Triangle Poses
were generated by superposition of ligand atom triplets
and triplets of receptor site points. At each iteration a ran-
dom conformation was selected, a random triplet of ligand
atoms and a random triplet of alpha sphere centres were
used to determine the pose. The following docking calcu-
lations were performed by means of the DOCK tool imple-
mented in MOE, all obtained docking poses were refined
using MMFF94x force field as the default for small mole-
cules in MOE. To reduce the number of poses obtained in
this way (865 for COX-1 and 880 for COX-2), the pharma-
cophore queries were generated. For COX-1 the pharma-
cophore query with projected H-acceptor feature defined
on NH, group of Arg 120 residue was generated while two
pharmacophore queries with projected H-acceptor fea-
tures defined on NH, and NE groups of Arg 120 side chain
residue were consequently generated for COX-2. The
docking run procedure was repeated with the first rescor-
ing function setting as “London dG’, the refinement scor-
ing function fixing to “GBVI/WSA dG”. 357 COX-1-ligand
complexes and 412 COX-2-ligand complexes were ob-
tained in this way. The molecular docking studies of the
ligands database with mPGES-1were utilized by setting
“GBVI/WSA dG” function for the first rescoring, followed
by the addition of a refinement of the resulting complexes
with MMFF94x force field and London dG for a second
rescoring. 786 mPGES-1-ligand complexes were obtained
in this way.

Thereafter, the minimized complexes were scored by
the four scoring functions available in MOE: Affinity dG
Scoring estimated the enthalpic contribution to the free
energy of binding, Alpha HB Scoring evaluated the ge-
ometric fit of the ligand to the binding site and hydrogen
bonding effects, London dG Scoring and GBVI/WSA dG
Scoring (forcefield-based) estimated the free energy of
binding of the ligand from a given pose. The unit for all
scoring functions was kcal/mol. For all scoring functions,
lower scores indicated more favourable poses. The docking
poses were then expected manually with an eye towards
the most proper binding modes verification.

2. 3. Pharmacophore Queries Generation

Protein-ligand interactions fingerprints (PLIF) tool
and 3D pharmacophore models generation tool imple-
mented in MOE software were used as a post-processing
procedure of docking studies for thiazolo[4,5-b]pyridin-2-
one derivatives as probable COX-1,2 and mPGES-1 inhib-
itors. Automatized pharmacophore query generation
based on the structural data of protein-ligand complexes
obtained from docking studies was a two-step procedure.
Firstly, the identification of a protein residues interacting
with the ligand was fulfilled, and their summarizing was
resulted in the barcode diagram construction in which dif-
ferent types of interactions were given as fingerprints bits.
Afterwards MOE's pharmacophore modelling tool deter-
mined the most common pharmacophoric feature charac-
teristics that were essential for the binding of ligands to the
receptor and their spatial arrangement in 3D. On the final
step we validated the fingerprint pharmacophore model-
ling approach by screening the test database as alignments
of molecules on high-scoring pharmacophore queries.

3. Results and Discussion

Recently we reported novel N? substituted 5,7-dime-
thyl-6-phenylazo-3H-thiazolo[4,5-b]pyridin-2-ones syn-
thesis*! as the integral part of scaffold-based drug-like
small molecules design and discovery using traditional
organic synthesis protocols and pharmacological screen-
ing methodologies.*> In vivo evaluation of novel thi-
azolo[4,5-b]pyridines over the carrageenin induced rat
paw oedema revealed strong anti-exudative activity of
some compounds which were comparable or exceeded the
effects of Diclofenac and Ibuprofen in their effective ther-
apeutic doses which were tested in parallel as an activity
references.

As the focus of our systematic research is aimed at
developing the molecular pattern based on 3H-thi-
azolo[4,5-b]pyridine scaffold for novel drug candidates
construction, the objective of the present study was to per-
form ligan-based and structure-based virtual screening for
recently synthesized 3H-thiazolo[4,5-b]pyridin-2-ones in
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order to apprehend the importance of certain structural R NH-R
features, which are critical for their biological activity ac- HC N N’
centuation. Thus, a three-step virtual screening protocol N | - =0 HyC
was proposed in this work, which included QSAR analysis, ©’ SN 5 ]/\; >‘=”
molecular docking and protein-ligand complex-based CH, ©/ N
pharmacophore search post-processing. 1-8. 18, 19 cHy
The set of compounds used in the present study NH-R %17
comprises a series of 36 N3 substituted 5,7-dimethyl-6-phe-
nylazo-3H-thiazolo[4,5-b]pyridin-2-one derivatives eval- HyC. N, _N 0
uated as anti-exudative agents. Their structures are depict- % | P =0
ed in Figure 1, while the substituent R structures are listed ©/ TN =
in Table 1. The biological activity data as % protection to CHy
inflammation were converted to logarithmic value and 20-36
Sujbsequenﬂy used as the response variable for QSAR anal- Fig. 1. General structures of N* substituted 5,7-dimethyl-3H-thi-
ysis. azolo[4,5-b]pyridine-2-ones

Table 1. Structures of substituents and anti-exudative effect of 5,7-dimethyl-6-phenylazo-3H-thiazolo[4,5-b]pyridin-2-ones in vivo evalu-

ation, given as % and log % protection from inflammation

Compound ID R % Inhibition  log % Compound ID R % Inhibition  log %
1 H 57.2 1.76 20 Yo 42.0 1.62
NO,
MN
2 54.2 1.73 21 39.2 1.59
_CH, —< >7Br
3 N 421 1.62 22 36.1 1.56
0—CH;
CH;
4 g 45.1 1.65 23 4:/%"“ 38.4 1.58
CH,
5 ’<CH 472 1.67 24 <:> ! 4.0 1.62
3
HO
Nl @
6 50.2 1.70 25 g 45.1 1.65
CH;3 CHj3
N
7 )\/\cm 48.1 1.68 26 C on, 39.3 1.59
a 0-CH;
8 e 365 1.56 27 GO o371 1.57
Cl
9 & 35.0 1.54 28 & 55.3 1.74
CH;
0,N ot
10 @ 28.1 1.45 29 @on 411 1.61
NO, HOOC
11 @ 31.2 1.49 30 @ 36.3 1.56
Cl
e @
12 33.2 1.52 31 50.5 1.70
e Lyl
13 29.0 1.46 32 0 ] 472 1.67
HO / \
N\
14 @ 32.2 1.51 33 ° 45.1 1.65
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Compound ID R % Inhibition  log % Compound ID R % Inhibition  log %
OH F
/ F
15 @ 39.3 1.59 34 ol NS ¥ 53.0 1.72
NH, /\
()
16 @ 33.2 1.52 35 a )8 67.5 1.83
Cl
17 39.3 1.59 36 o 71.2 1.85
[0}
\/\Lo/\CHx
18 ’ 441 1.64 Ibuprofen 40.2 1.60
o
| NH;
19 ~} 40.2 1.60 Diclofenac 524 1.72

3. 1. QSAR Analysis of N Substituted
5,7-dimethyl-3 H-thiazolo[4,5-b]pyridin-
2-one derivatives
The structures of thiazolo[4,5-b]pyridin-2-ones un-

der study were subjected to energy minimization with

MM+ force field followed by the repeated minimization

with semi-empirical AM1 method. Molecular descriptors

for 3D optimized structures of the compounds were calcu-
lated with E-DRAGON software. Descriptors with the
constant and near constant values were discarded. De-
scriptors with high pairwise correlation, determined based
on correlation matrix analysis, were excluded from the
multidimensional descriptor space. As a result, the set of

482 descriptors was obtained for both training and test sets

compounds. The descriptor normalization procedure was

carried out, the values of all generated descriptors were
scaled in the range of 0+1.

Activity sampling method was used for splitting
overall dataset into the training and validation (test) sets.
The main steps of the technique included sorting com-
pounds by activity. Then the size of a group of compounds
was specified by including the specified number of the
most active compounds into the first group, the same
number of the next most active compounds into the sec-
ond group, etc. Then the number of compounds in each

group, which would be included into the training and test
sets, was determined. Thus, all compounds were divided
into 6 groups, the numbers of compounds with low, mod-
erate, and high levels of activity in each group were ap-
proximately the same. Then a few compounds from each
group were assigned to the validation set, and the rest
compounds formed the training set. The results of the da-
taset splitting are given in Table 2.

The selection of the optimal set of molecular descrip-
tors was carried out using genetic algorithm within each of
descriptors' modules namely 0D-,1D-, 2D, 3D and mod-
ule “Other” firstly. The most significant descriptors from
each dimensionality module were introduced to the final
data set. Multiple Linear Regression (MLR) was used to
generate QSAR models as a multivariate linear regression
within the training set compounds with BuiltQSAR soft-
ware.

Among the generated models 1 one-parameter and 2
two-parameter QSAR models were selected with the high-
est statistical characteristics and predictive ability:

log % =-0.3423 GATS7m + 1.8669 (Model 1);

log % = 0.1315 MATS4e - 0.2781 GATS7m + 1.7706
(Model 2);

log % = 0.1318 MATS4m - 0.2998 GATS7m + 1.7961
(Model 3).

Table 2. The number of compounds in training and test sets constructed by the ranking of com-

pounds activities

Group Size of Number of
number agroup compounds assigned Compounds ID
to the training set Training set Test set
I 6 4 1, 28, 34, 36 2,35
II 5 4 5, 6,31, 32 7
III 7 5 4,18, 20, 24, 33 25,3
IV 6 5 17,19, 21, 26, 29 15
v 6 5 8,9,23,27,30 22
VI 6 4 10,11,12, 14 13,16
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Models 1-3 were constructed using 2D autocorrela-
tion descriptors GATS7m (Geary autocorrelation of lag 7
weighted by mass), MATS4e and MATS4m (Moran auto-
correlations of lag 4 weighted by atomic Sanderson elec-
tronegativity and by mass, respectively) with low pairwise
correlation. The normalized values of molecular descrip-
tors for both training and test sets compounds are listed in
Table 1S of the Supplementary materials. To ensure the
accuracy in predicting ability of the generated models, the
prediction errors and the prediction error standard devia-
tions were calculated (Table 2S of the Supplementary ma-
terials).

Based on the validation parameters of the generated
models (Table 3), all constructed models satisfied the sta-
tistical requirements for their goodness-of-fitting with no
current overfitting. Goodness of fitting for QSAR models
generated with p parameters for the training set consisting
of 27 compounds was assured by maximizing the correla-
tion coefficient R and the determination coefficient R?, ad-
justed regression coefficient R%adj and F-test criterion
while minimizing R* - R?,;; and standard deviation s.

Pearson correlation coefficient R measures the
strength of the linear relationship between dependent and
independent variables with possible values between -1 and
1. In regression, R-squared (R?, or the coefficient of deter-
mination) is a statistical measure of how well the regres-
sion predictions approximate the real data points provid-
ing the relative measure of the percentage of the dependent
variable variance that the model explains. The higher val-

1.9

Pog Model 1 @ Training set -
3 ATest set A
2 s B
g 175 * s _— ;‘
& 17 * e
z * o 8
S 1Les ** e .y
E 1.6 © -.( 4 *
E 1.55 . ¥ 4 Training set
& 15 o% ¥ = 0.9968x + 0.0052; R* = 0.6577
= @
- A
145 v Test set
14 y = LO055x - 0.0302: R* = 0.7183
1.5 1.55 1.6 1.68 1.7 1.78 1.3 1.85
Predicted Endpoints, log %
19
o 188 Model 3 @ Training set *
& 4 Test set A
R E
£ *
£ 175 "
g N S
2 17 *
2 * @ : A
= L6S * A
: g :
£ 16 s o8 ¥ *
E 158 * 5 * & Training set
H LA ¥ = 0.9981x + 0.0029; R* = 0.7619
& 1S .0 2
-
= s e & Test set
v = LO502x - 0.1136; R* = 0.7026
14
1.5 1.55 1.6 165 1.7 1.75 1.8 1.85

Predicted Endpoints, log %

Table 3. Statistical parameters for QSAR models 1 - 3

No Statistical Model 1 Model 2 Model 3
parameter

1. P 1 2 2

2. R 0.8117 0.8772 0.8728
3. R? 0.6589 0.7694 0.7617
4. Rzadj 0.6452 0.7502 0.7419
5. R* - Rz,,,,] 0.0137 0.0192 0.0198
6. s 0.0534 0.0448 0.0455
7. F 48.2900 40.0412 38.3644
8. P 0 0 0

9. DF regression 1 2 2

10. SSR 0.1377 0.1608 0.1592
11. MSR 0.1377 0.0804 0.0796

ues of R? indicates the high fitness of the model as R? of 1
indicates that the regression predictions perfectly fit the
data. Adjusted R-squared R?,; considers and tests differ-
ent independent variables against the model. Its value may
increase or decrease depending on the significance of the
independent variable introduced to the regression. So, the
higher value of R?,;; ensures the high significance of all
variables introduces into the model. The standard devia-
tion (s) is a measure of the amount of variation or disper-
sion of a set of values. A low standard deviation indicates
that the values tend to be close to the mean (also called the
expected value) of the set. The F-test reflects the ratio of
the variance explained by the model and the variance due
to the error in the regression. High values of the F-test in-
dicate that the model is statistically significant.

The degree of freedom for the regression equals to
the number of independent parameters: DF,pg/ession = P- It
defines the number of values is a dataset having the free-
dom to vary. 8S,egression (SSR) means the Sum of squares
for the regression while MS,opreqsion (MSR) means the
Mean square for the regression. Regression sum of squares
is interpreted as the amount of total variation that is ex-
plained by the model. SSR is variation in Yi associated with
the regression line, Y. It may be referred to as the measure
that describes how well our line fits the data. MS,,gresion i

Model 2 # Training sct .
ATest set i
* &
2 * ¥
= * -, -
S 168 * * ' *
= * 4 ¢ ) o
g 16 *s @ ? e *
E 158 * . ] Training set
g * A v = 0.9992x + 0.0013; R* = 0.7693
Las TRt -
= 1458 :‘. Test set
y=0.9707x + 0,0085; R* = 0,7927
1.4
1.5 1.55 1.6 1.65 1.7 1.75 .8 1.85

Predicted Endpaoints, log %

Fig. 2. Correlation between observed activity and activity predicted with Models 1 - 3 together with linear fit statistical parameters
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an estimate of the variance of regression, MS, gression =
SSregression / DF, regression*

Thus generated QSAR models could approximate
the experimental values properly according to their statis-
tical analysis performance parameters.

Predictive ability of the generated models was en-
sured by using leave-one-out (LOO) cross-validation pro-
cedure, when each object is removed from the original
training dataset once in turn and the remaining reduced
data set is converted into new training set used for a mod-
el generation and the response prediction for the excluded
compound. The outcome from this procedure is leave-
one-out cross-validation coefficient Q% oo. The coeffi-
cients of determination between observed and predicted
activities R%(gpserved vs. predicted) fOr the training set com-
pounds were also estimated as an internal validation pre-
dictivity. Figure 2 shows the regression lines between ex-
perimental anti-exudative activity and activity predicted
with Models 1-3.

The determination coeflicients for observed end-
points versus experimental oner for the derived models
were in the range between 0.6577 and 0.7693, so the linear
models explained 65.77% - 76.93% of variation in experi-
mental activity. We evaluated the accuracies of QSAR
models also using the difference |R? - Q% ¢ | absolute val-
ue supposing that it tends to minimum for truly predictive
model.

The values of QZLOO (0.6025 + 0.6995) were reason-
able, showing that the models were significant and robust
to predict the anti-exudative activity of the compounds
under study. We also considered that the values of the dif-
ference between R? and Q%1 o (|R? - Qo0 |) were with-
in the suggested limit of |R? - Q* o0 | < 0.3, which was
the indication that the models had no data overfitting.
SprEss is the predicted residual sums of squares standard
deviation, and Spgp is the standard deviation error in pre-
diction. Internal validation parameters are summarized in
Table 4.

Table 4. Internal validation parameters for QSAR models 1 - 3

were not involved into the model construction, and the
standard deviation of the predicted residual error sum of
squares Sprgss- Sprss 18 @ form of cross-validation used in
regression analysis to provide a summary measure of the
fit of a model to a sample of observations that were not
themselves used to estimate the model. Both Spgggs and
Spep values display tendency to minimization to ensure
that generated models possessed enough predictive power.
We also applied SSE as the Sum of squares error and MSE
as the Mean square error. MSE measures error in statisti-
cal models by using the average squared difference be-
tween observed and predicted values. Highly predictive
linear regression should display minimized SSE. The de-
gree of freedom for residuals (errors) equals: DF,,,,, = n -
p - 1, where n is the number of observations in the train-
ing set. MSEis an estimate of the variance of errors: MSE =
SSR / DF,,,,,. If the regression model is “perfect’, SSE is
zero. Thus, MSE is a measure of the quality of an estimator.
As it is derived from the square of Euclidean distance, it is
always a positive value that decreases as the error ap-
proaches zero.

To estimate the predictive power of QSAR models, we
employed the test set compounds for their external valida-
tion. The following statistical characteristics are recom-
mended:** (i) Q* o; (ii) coefficient of determination R,
between the predicted and observed activities; (iii) coeffi-
cients of determination (predicted versus observed activi-
ties, and observed versus predicted activities) for regressions
through the origin; (iv) slopes k and & of the regression lines
through the origin. For acceptable QSAR predictive models,
they should satisfy the following conditions:

(1) Qo > 0.5; (ii) R%ey > 0.6; (iii) (R%yq — R ext)/

R%,(<0.1and 0.85<k<1.150r

(R - R'%y o)/R2% < 0.1 and 0.85 < k' < 1.15;

(iv)] R2 - R*%) o | < O.1.

The values of the external validation criteria are
summarized in Table 5.

Table 5. External validation criteria values for Models 1 - 3

No Validation Model 1 Model 2 Model 3 No. Validation Models

parameter criteria Modell Model2 Model 3
1. Roobservedvs. predicted) 0-6577 0.7693 0.7619 i Quco 0.6790 0980  0.6211
2. Qoo 0.6025 0.6995 0.6908 (i) R’y 0.7183 07927  0.7026
3. |R2- Q%00 0.0552 0.0698 0.0711 (i)  R%)eq 0.9988 09991  0.9988
4. Spps 0.0576 0.0512 0.0519 (R% — R o) /R2% —0.3905  —0.2604  —0.4216
5. SpEp 0.0565 0.0491 0.0519 k 1.0118 1.0239 1.0172
7. DFpor 25 24 24 K 0.9872 0.9758 0.9818
8. SSE 0.0713 0.0482  0.0498 (V) | R*-RZ% 02805 02064  0.2962
9. MSE 0.0029 0.0020 0.0021

For internal validation we also applied Spgp (stand-
ard deviation of error of predictions), which makes a dis-
tinguish between ‘predictions’ for new data points which

Based on the statistical evaluation and predictive
power of the developed models, it may be concluded that
Model 2 is the most reliable with the highest good-
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ness-of-fitting assuring, statistical significance, robustness
and externally predictivity.

A mechanistic interpretation for a generated QSAR
models was then done to make the interpretation of the
possible mechanism of activity. All constructed models
contain 2D autocorrelation descriptors. In particular, all
models contain Geary autocorrelation coefficients with lag
7, weighted by atomic masses (GATS7m). Models 2 and 3
contain Moran autocorrelations of lag 4 weighted by atom-
ic Sanderson electronegativity and by mass (MATS4e and
MATS4m, respectively). In general, 2D autocorrelation
descriptors represent the topological structure of com-
pounds, describe the mutual correlation of certain proper-
ties of atoms in intervals equal to the sums of topological
distances in the corresponding structural fragments. They
are calculated from molecular graph G by summing the
products of atom weights of the terminal atoms of all the
paths of the considered path length (the lag). 2D autocor-
relation descriptors are calculated based on the value of

the autocorrelation function ATS(d):4047

ATS(d)=D.>6, (0, w,), ™)

i=l j=1

where d is the corresponding lag, or the number of topo-
logical distances in a single fragment of the molecular
graph, can have the values between 1 and the maximal top-
ological distance in the molecule; A is the number of at-
0(d, #d)

oms in the molecule; * ~| 1@, =0y — Kronecker's delta; w;, w;
— physicochemical properties of the atoms i and j (atomic
masses m, polarizability p, electronegativity e, van-der-
Waals volume v).

The Moran autocorrelation descriptors (MATSg,,)
are given by:

T B S (wi— @) (w-@) )

1 <A -
L34 (0-0)?

I1d) =

where @ is the average value of the property for the mole-
cule,and A=)’ 5; is the number of vertex pairs at distance
equal to d. The computation of these descriptors involves
summing different autocorrelation functions correspond-
ing to different fragment lengths, thereby leading to differ-
ent autocorrelation vectors according to the lengths of the
structural fragments. Also, weighting components in
terms of physicochemical properties has been considered,
and therefore these descriptors address the topology of the
structure or parts of its merged with a selected physico-
chemical property. Moran autocorrelations usually have
values in the interval of [-1, +1] with the positive autocor-
relations corresponding to positive values of Moran indi-
ces, while the negative autocorrelations correspond to neg-
ative values of these indices.

The Geary autocorrelation descriptors (GATS,,) are
given by:

38, -(m,—o,) o)
=1 j=1

1 2 —2
-1 -Z(m{ - m)

1
2A

M=

Cid)=

2D Geary autocorrelation coeflicients are the func-
tions of distances and may vary between 0 and 0. At the
same time, strong mutual correlations of atomic properties
correspond to low values of the Geary autocorrelation,
usually in the range between 0 and 1, while negative mutu-
al correlations correspond to values of the Geary coefhi-
cient higher than 1, i.e., the statement "no autocorrelation”
corresponds to the equality C(d) = 1.

The presence of lags 4 2D Autocorrelations in QSAR
regressions 2 and 3 may be reviewed as the association of
activity information content with structural fragments of
such size. It should be noted that mass weighted Moran
autocorrelation coefficient MATS4m made a positive con-
tribution to the activity. Based on these models’ interpreta-
tion, it can be stated that the presence of structural frag-
ments with the sum of topological distances (lag) equal to
4 in the molecules of the training set substances, whose
terminal atoms have high atomic masses and electronega-
tivities, corresponds to the activity enhancing. All generat-
ed regressions also utilize 2D Geary autocorrelation
GATS7m descriptor with the negatively signed regression
coefficients. Based on the interpretation and analysis of
Geary autocorrelations contribution into anti-exudative
activity it can be asserted that the presence of structural
fragments with sums of topological distances (lags) equal
to 7, whose terminal atoms have high atomic masses, is
undesirable. The possible structural fragments with lags 4
and 7 are depicted in Figure 3.

Fig. 3. Possible structural fragments with lags 4 and 7 in the mole-
cules of N°® substituted 5,7-dimethyl-6-phenylazo-3H-thi-
azolo[4,5-b]pyridin-2-one derivatives which may contribute to
their anti-exudative action mechanism

It may be concluded that small structural patterns
which include heteroatoms of fused thiazole and pyridine
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core, and also one of the azo-group nitrogen atoms and
closest scaffold heteroatom, may contribute mutually to
the anti-exudative action mechanism, while the presence
of large motifs started with azo-group nitrogen and ending
at oxygen or nitrogen atoms of thiazolidin-2-one, cannot
be involved into the activity mechanism realization.

3. 2. Molecular Docking

Suppression of prostaglandin synthesis is associated
with inhibition of cyclooxygenase enzyme activity that ca-
talyses the deoxygenation of arachidonic acid (AA) to
form prostaglandin G, (PGG,), then prostaglandin H,
(PGH,), and finally the resultant prostaglandins and
thromboxane A2 (TxA,).*8 The mechanism of traditional
non-steroidal anti-inflammatory drugs (NSAIDs) action
is based on non-selective inhibition of both cyclooxygen-
ase isoforms (COX-1 and COX-2) and preventing prosta-
glandin synthesis. It is supposed that the therapeutic effect
of these substances is due to the inhibition of COX-2, but
their effect on COX-1 causes damage to the mucous mem-
brane of the gastrointestinal (GI) tract and disorders in
regulation of renal and platelet activity.* Selective COX-2
inhibitors (coxibs) inhibit the COX-2 isoform while spare
COX-1 at clinical doses. This greatly mitigates the adverse
effects in the GI tract as well as bleeding secondary to di-
minished platelet function.® Additional importance of
COX-2 specific drugs discovering relates to their broader
therapeutic applications as the biological role of COX-2
extends beyond inflammation and pain. It is known that
COX-2 plays a key role in early female reproductive func-
tion, implantation and decidualization are dependent on
COX-2.°! Recent reports suggest that COX-2 may be an
effective antitumor therapeutic target as COX-2 overex-
pression has been reported in several human cancers in-
cluding lung, colon, prostate, and bladder cancer.>>>* Se-
lective COX-2 inhibitors, although characterized by a
much lower negative effect on the digestive system, also
have undesirable side effects, in particular, their effect on
the cardiovascular system increases the risk of myocardial
infarction, heart failure, stroke, etc.>® In the light of these
complications, it was proposed to identify other drug tar-
gets downstream of COX for pain and inflammation ther-
apy. One of the promising new targets for finding bioactive
substances that exhibits anti-inflammatory effect is micro-
somal prostaglandin E synthase-1 (mPGES-1) - the final
enzyme in the cascade of arachidonic acid transforma-
tions. mPGES-1 is able to convert the cyclooxygenase
(COX)-derived unstable prostaglandin H, (PGH,) to the
bioactive prostaglandin E, (PGE,).*® mPGES-1 belongs to
a superfamily of Membrane-Associated Proteins (MAPEG
family), involved into Eicosanoid and Glutathione metab-
olism, therefore it is useful for the development of anti-in-
flammatory and anticancer drugs interfering with prosta-
glandin and leukotriene biosynthesis.”” mPGES-1 is
regarded as a promising target for selectively suppressing

PGE2 production during inflammation and nociceptive
processing owing to its preferential coupling with COX-
2.58 But, contrary to the classical non-steroidal anti-in-
flammatory drugs (NSAIDs), the inhibition of mPGES-1
does not affect the biosynthesis of the other physiological-
ly important PGs.> Possible mechanisms of mPGES-1 in-
hibitors activity are competitive interaction with active
centres of cofactor or substrate. Inhibition of mPGES-1
has been shown to result in systemic shunting of PGH2 to
PGI2 formation, leading to anti-inflammatory and vasodi-
latory effects, while preventing platelet activation.®®

We utilized the standard MOE-Dock architecture for
the molecular docking studies of N* substituted 5,7-dime-
thyl-6-phenylazo-3H-thiazolo[4,5-b]pyridin-2-ones with
the selected receptors included the following major com-
ponents: ligand conformations generation followed by
partial charges calculation and energy minimization, re-
ceptors preparation, the binding sites definition, the li-
gand-receptor pose generation with alpha triangle as the
placement algorithm, docking and scoring proceeding,
receptor-ligand complexes refinement with re-scoring by
filtering queries application, the lowest energy complexes
extraction with the resulting complexes minimization. A
data set of 2545 conformations for 36 compounds under
study was prepared in this way. Docking poses were pro-
duced from the placement and the minimized receptor-li-
gand complexes obtained were then scored by the four
scoring functions available in MOE: Affinity dG, Alpha
HB, London dG, and GBVI/WSA dG Scorings.

3.2.1. Docking Results with COX-1 and COX-2

Both COX-1 and COX-2 isoforms are dimers con-
sisting of 576 and 581 amino acids, respectively, while both
iso-enzymes share the same molecular mass of 70 kDa/
monomer. Each COX monomer consists of three structur-
al domains:®! a short N-terminal epidermal growth factor
domain, a membrane binding domain, and a large, globu-
lar C-terminal catalytic domain. The cyclooxygenase and
peroxidase active sites are located on opposite sides of the
catalytic domain with inhibitor bound only in the cycloox-
ygenase active site. COX-1 and COX-2 isoforms present a
high degree of homology.®> The entrance to the COX ac-
tive site occurs at the base of the membrane binding do-
main and leads to a long hydrophobic channel that extends
deep into the interior of the catalytic domain.> The COX
channel is composed of three residues (Arg-120, Tyr-355,
and Glu-524) that separates the channel from the active
site. The hydrophobic catalytic pocket contains catalytic
Tyr-385 as well as Ser-530 at the top of the pocket, and also
Trp-387, Phe-518, Ala-201, Tyr-248 and Leu-352. The
COX-1 and COX-2 active sites are very similar but differ
in the presence of a side pocket with larger solvent accessi-
ble surface in COX-2 located above the Arg-120/Tyr-355/
Glu-524 constriction. This COX-2 side pocket is bordered
by Val-523 (Ile-523 in COX-1) and contains His-90 and a
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conserved Arg-513 (His-513 in most COX-1) at the base
of the side pocket.®* Most NSAIDs act inhibiting non-se-
lectively both COX-1 and COX-2 iso-enzymes in a com-
petitively reversible noncovalent manner. Aspirin is the
only clinically used inhibitor modifies covalently and irre-
versibly both COX-1 and COX-2 through acetylation of
Ser-530.9 Aspirin analogues, like 2-bromoacetoxybenzoic
acid and o-acetylsalicylhydroxamic acid, also bind in the
COX-1 active site channel, acetylate Ser-530, and hydro-
gen-bond with Arg-120 at the constriction of the site.® In
the existing crystal structures of COX with aspirin ana-
logues, a hydrogen bond is formed between the carbonyl

oxygen of the acetyl adduct and the phenolic hydrogen of
Tyr-385, thus the presence of Tyr-385 across the active site
from Ser-530 appears to be a critical determinant of acetyl-
atio.” Phenylpropionic and arylacetic acid inhibitors
(naproxen, diclofenac, indomethacin, ibuprofen, flurbi-
profen, mefenamic acid, and meclofenamic acid) form a
two-step binding mode for COX inhibition forming an ion
pair and/or hydrogen bond with Arg-120 (this interaction
is critical for inhibition) and a hydrogen bond with Tyr-
355.% The unique binding mode of diclofenac with COX-2
is based on its inverted binding with the carboxylic acid
moiety via hydrogen-bonded to Ser-530 and Tyr-385. The

Table 6. Calculated docking scores for 36 N* substituted 5,7-dimethyl-6-phenylazo-3H-thiazolo[4,5-b]pyridin-2-one derivatives in complexes with

COX-1 and COX-2

Com COX-1 COX-2

pound GBVI/ London Alpha Affinity GBVI/ London Alpha Affinity
ID WSA dG dG HB dG WSA dG dG HB dG

1 -3.5721 —-8.9854 -102.5757 —4.5784 -4.7093 -11.2232 -75.6134 -4.0763
2 -3.4101 -10.2535 —-88.3039 —5.6864 —-0.5564 —-12.4995 —74.2815 -4.9970
3 -3.5094 -10.1962 —-86.8319 —5.7342 -2.0131 -12.8897 —-78.0022 —6.4081
4 -2.0678 -9.9628 —-107.7880 —-6.7700 -2.0915 -11.6763 -76.0573 —4.6654
5 -3.6256 —-8.1085 —87.9495 -5.4172 —2.4295 —-11.9037 -75.1318 -4.7097
6 -2.0591 —-10.1058 -108.9735 -7.3861 —-5.0659 —-12.7828 -90.2685 —-7.1683
7 -2.1836 -10.1408 -118.3711 -7.3602 -5.0118 -12.7031 —78.0846 -6.5735
8 -3.5894 -9.0593 -86.7782 -5.7160 —-0.5586 —-12.0557 —65.6218 -5.1219
9 -3.3979 -9.8344 —-135.8003 -7.8005 —-5.5785 -13.8054 —-83.1410 —6.8872
10 —-3.9388 -10.5867 —144.8922 -8.6517 —4.9257 —-14.6358 -93.0085 -7.5152
11 -3.8215 -8.9786 -135.7580 —-8.4577 —-6.2059 -15.1357 —85.5426 -8.2501
12 -3.8334 -9.8577 —-129.3662 -8.4110 —-5.7290 —-14.7253 —-86.3963 -7.7120
13 -3.7142 —12.4254 —-129.5875 -7.8616 -4.1096 -13.8382 —-78.8016 —7.4252
14 -4.3321 -10.3371 —155.4785 -8.1072 -5.7120 —-15.0507 —-79.7068 —7.9452
15 -2.4523 —11.0348 -136.3768 -7.3664 —-5.7441 —14.0444 —-80.4431 -7.0865
16 -3.3274 -11.6665 —143.5742 -6.9413 —-5.6076 —-14.0993 -86.9043 -7.1747
17 -3.9379 -11.9141 —-129.8906 -8.0258 —4.7478 —-14.1567 —84.6444 -8.3579
18 —-2.3838 -10.2205 -124.5617 —6.8422 -3.6734 -11.9241 —-78.3305 —4.6454
19 -1.2252 -9.0904 -132.0742 —4.9922 -4.7933 -13.8596 -94.6653 -5.1191
20 -2.6893 -14.1219 —135.4255 —-8.8465 —4.6539 -16.0134 -64.9250 -9.7737
21 -2.6710 -13.1721 -132.7236 -8.1597 —5.2945 -17.3721 -98.9472 -8.8459
22 —4.4923 -10.5589 -137.0937 —-8.4308 —5.4785 -13.4701 —89.1642 -5.8359
23 —-2.3580 —12.8478 —-172.6101 -8.5650 -3.9622 -15.0712 -87.9949 -6.0371
24 -2.2812 -10.5789 -137.5367 -8.1755 —4.1854 -16.2461 —87.2868 —-8.1194
25 —2.8548 —-10.7060 -132.2015 -7.8614 —4.3432 —-14.3780 —-81.6798 -7.8906
26 -3.7227 -12.1064 —128.3981 -8.0519 —-5.2332 -16.7522 -96.1670 —-8.7652
27 —3.4848 —-8.9993 —144.0276 -7.9182 —4.6807 -18.3361 -97.7554 -8.6181
28 0.1975 —-11.4950 —-126.1505 —-6.7385 —-6.0431 —14.7884 -76.8276 —6.6816
29 —-6.7684 -12.0197 —-140.5306 —-5.6753 -7.1984 -16.2490 —84.0470 —-8.4898
30 -2.8618 -11.1192 —-186.8507 -8.2221 —-5.1307 -17.3107  —-108.0430 -8.6079
31 —-2.8262 —-8.7345 —-149.1720 -7.4661 -2.2133 -16.3997 —89.4604 —-8.0642
32 -7.6292 -11.5782 —-151.1346 -9.9868 —-5.7125 -18.2977 -93.5176  -10.1135
33 -0.6069 -11.8933 -127.6375 -6.3678 —-6.6209 —-14.8906 -90.3635 -8.3991
34 1.6951 -12.7936 -177.5706 —-9.8437 -7.0093 -16.0785  -107.9989  -10.7538
35 -4.0370 —-3.9965 —135.4871 -9.4130 —3.4646 —-17.2437 —85.9848 —-8.6887
36 —-5.0688 —-7.1341 —-155.8307 -8.3196 —4.0012 -19.3118 -97.8379  -10.0296
Diclofenac -0.6979 -10.5624 -95.7075 —-6.0407 —3.9428 -9.2298  -107.4595 —-7.3823
Naproxen - - - - -7.2959 —-13.9041 -94.5634 —-6.0959
a -methyl-4- —7.6663 -13.9861 -102.8187 -7.7516 - - - -

biphenyl-acetic acid
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inhibitor also forms extensive van der Waals interactions
with several hydrophobic residues within the active
site. Indomethacin binds deeply within the COX-2 active
site with its p-chlorobenzoyl group projects up into the ac-
tive site channel, and the chlorine atom interacts with Leu-
384 at the top of the active site, while the benzoyl oxygen
interacts with Ser-530. The benzoyl group itself is stabi-
lized by hydrophobic interactions with Leu-384, Tyr-385,
Phe-381, and Trp-387. The carboxylate of indomethacin
forms a salt bridge with Arg-120 and makes additional
contacts with Tyr-355. The o-methoxy group protrudes in-
to a large cavity provided by Ser-353, Tyr-355, and Val-
523. The indole ring interacts with Val-349 and the 2°-me-
thyl group projects into a small hydrophobic pocket
formed by Val-349, Ala-527, Ser-530, and Leu-531, this
interaction is supposed as a key interaction responsible for
the time-dependent inhibition of COX enzymes by this in-
hibitor.® When turning to COX-2 selective inhibitors, it
was shown, for instance, that lumiracoxib also binds in the
COX-2 active site in an inverted orientation: its carboxy-
late forms hydrogen-bonding interactions with Ser-530
and Tyr-385 at the top of the active site, similar to di-
clofenac while the methyl group on the phenylacetic acid
ring projects into a small groove near Leu-384 in the COX-
2 active site. For diaryl heterocycle class of COX-2 selec-
tive inhibitors (celecoxib, rofecoxib, valdecoxib, etoricox-
ib) structure-activity —analysis revealed that the
fundamental factors responsible for the potent and selec-
tive inhibition of COX-2 include (1) two aromatic rings on
adjacent positions on a central scaffold and (2) the pres-
ence of a sulfonamide or methyl sulfone group on one of
the phenyl rings.

Docking calculations for N* substituted 5,7-dime-
thyl-6-phenylazo-3H-thiazolo[4,5-b]pyridin-2-ones were
performed considering the X-ray crystallographic data of
0COX-1 and mCOX-2 with high resolutions downloaded
from PDB (PDB entry codes 1Q4G, 3NT1 respectively).
The most probable binding sites within the macromole-
cules were detected by means of MOE Site Finder, the al-
pha triangle as the placement algorithm was selected, run-
ning by superposition of ligand atom triplets and triplets
of receptor site points. The receptor site points were repre-
sented by alpha sphere centres. At each iteration, a random
ligand conformation was selected. A random triplet of li-
gand atoms and a random triplet of alpha sphere centres
were used to determine the pose. The following docking
calculations were performed by means of the DOCK tool
implemented in MOE with the first rescoring function set-
ting as “London dG”, and the obtained poses were refined
and rescored based on the refinement scoring function fix-
ing to “GBVI/WSA dG”. The values of the calculated dock-
ing scores for the compounds under study in their com-
plexes with COX-1,2 are listed in Table 6. Also,
co-crystallized ligands (a-methyl-4-biphenylacetic acid in
case of COX-1 and naproxen for COX-2) and diclofenac
were docked to the receptors as references.

The calculated values of the docking scores for the
most energetically favourable receptor-ligand complexes
suggest the possible inhibitory activity of 3H-thi-
azolo[4,5-b]pyridin-2-ones against both COX iso-forms
expressed non-selectively. Alpha HB Scoring as a measure
the geometric fit of the ligand to the binding site and hy-
drogen bonding effects, has significantly higher negative
values for ligand-COX-1 complexes in comparison with
the ligands complexed with COX-2 including reference
drugs. Affinity dG Scoring, which estimated the enthalpic
contribution to the free energy of binding, are comparable
for both COX-1 and COX-2 complexes with a correspond-
ing ligand.

In case of COX-1 complexes, the values of London
dG Scoring, which estimates the free energy of binding of
the ligand from a given pose, are close in values to that one
for diclofenac while London dG Scoring for a-methyl-4-bi-
phenylacetic acid-COX-1 complex has higher negative
value. In case of ligans-COX-2 complexes London dG
Scoring is comparable with that one for naproxen-COX-2
complex and has considerably higher negative values as
compared with the corresponding ligand-COX-1 and di-
clofenac-COX-2 complexes, indicating higher thermody-
namic probability of inhibitory activity towards COX-2
isoform.

We further analysed the detailed binding modes for
COX-1,2 complexes with ligands keeping in mind that the
compounds under study starting from 9 contain bulky
substituents in their N* position and phenyl-azo group in
CS position while they have no carboxylic group for cata-
lytic Tyr-385 H-binding or Ser-530 acetylation.

It is well known that arylacetic acid inhibitors while
binding to COX-1 and COX-2 active sites show two differ-
ent binding modes with their acidic groups position either
coordinating to the catalytic Tyr-385 as well as Ser-530 at
the apex of the pocket or to the constriction residues
Arg-120 and Tyr-355 at the base of the active site.
a-Methyl-4-biphenylacetic acid, the defluorinated ana-
logue of flurbiprofen, binds to COX-1 at the entrance of
the long channel which leads into the enzyme active site,
forming H-bonding interactions with Arg-120 and Tyr-
355. Binding at this site presumably blocks access of sub-
strate to Tyr-385, a residue essential for catalysis.*8 Similar-
ly, the X-ray crystallographic structure of COX-2 in
complex with naproxen® adopts that naproxen is bound
entirely within the main channel of the COX-2 active site
in the opposite binding mode: the carboxylate group of
naproxen participating in hydrogen-bonding interactions
with Arg-120 (2.8 A)and Tyr-355 (2.5 A) at the base of the
active site while p-methoxy group is oriented toward the
top of the hydrophobic channel. The remainder of the in-
teractions between the compound and protein are van der
Waals contacts.

The inspected binding modes of 5,7-dimethyl-6-phe-
nylazo-3H-thiazolo[4,5-b]pyridin-2-ones within COX-1,2
active sites revealed that two main ligands orientations are
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Fig. 4. Three-dimensional binding models of compound 6 in the active sites of COX-1 and COX-2: a) Compound 6 (magenta) overlayed with
co-crystallized 2-(1,1’-biphenyl-4-yl)propanoic acid (green) in COX-1 active site; b) Compound 6 (magenta) overlayed with co-crystallized naprox-
en (green) in COX-2 active site

possible: the N? position substituent may be directed both
inside and outside of the hydrophobic binding channel of
the receptor. Figure 4 shows the binding modes of com-
pound 6 with COX-1 and COX-2.

The binding orientations and interaction mecha-
nisms in ligand-COX-1,2 complexes for the most active
compounds are shown in Table 7.

The majority of top ranked poses of N* substituted
thiazolo[4,5-b]pyridin-2-one derivatives docked into
COX-1 active site are oriented with their phenylazo group
directed inside the hydrophobic pocket with the complex
formation maintaining on account of mainly Nitrogen of
pyridine core hydrogen-bonding interaction with Arg-
120. In some complexes additional stabilization on ac-
count of m-cation interaction between thiazole ring and
Arg-120 (compounds 4, 7, 15, 16, 18, 25, 26, 30 and 31),
also H-binding of Oxygen of N3-substituent acetamide
moiety with Arg-120 and Tyr-355 amino acid residues
(compounds 14, 20). Also compound 20 has been shown
to make n-H interaction of phenyl moiety of the substitu-
ent with Ile-89 which is thought to be one of the important
residues in the lobby region of the protein active site.
H-binding between Nitrogen of phenylazo group and Arg-
120 is preferable for compounds 1, 2, 3, 5, 8 and 21 in their
complexes with COX-1. In compound 2 - COX-1 complex
Nitrogen of nitrile group forms additional binding with
Arg-120. Additional hydrogen bond between Oxygen of
thiazolidine ring and Arg-83 is forming for compounds 3,
5, 8, 21. Oxygen of acetamide moiety is forming hydro-
gen-bonding interactions with both Arg-120 and Tyr-355
for docking poses of compounds 19, 23, 24, 34 in COX-1
active site. The same binding between Oxygen of aceta-
mide moiety with both Arg-120 and Tyr-355 is observed
for compound 34 while the ligand in this case has the op-
posite orientation with the N* position substituent orient
towards the apex of the catalytic pocket. The same ligand
orientation is displayed by compound 36 while the bind-
ing with COX-1 in this case is achieved via H-bonds be-
tween Nitrogen of methylene amino moiety of the substit-
uent and Arg-120, Nitrogen of phenylazo group and

Arg-83 and additional n-H interaction between pyridine
ring and Ile-89.

Similarly, the majority of top ranking poses of N*
substituted thiazolo[4,5-b]pyridin-2-ones docked into
COX-2 active sites show that phenylazo group is directed
inside the hydrophobic pocket with the complex forma-
tion maintaining on account of mainly Nitrogen of pyri-
dine core hydrogen-bonding interactions with Arg-120
or Tyr-355, located at the base of the active site. Some
compounds bind deeply with COX-2 active site forming
hydrogen bonds between Oxygen of N3-substituent
acetamide moiety and Arg-120 amino acid residue as a
single binding (compounds 20, 22, 24, 26, 27, 30) or in
combination with N of pyridine cycle - Tyr-355 H-bind-
ing (compounds 10, 11, 28). Additional complexes stabi-
lization may be achieved on account of n-cation interac-
tion between thiazole ringand Arg-120 or n-H interaction
between pyridine ring and Tyr-355. While for a few de-
rivatives the opposite orientation in COX-2 active site
with the N3 position substituent orientation towards the
apex of the catalytic pocket allowed to form more favour-
able complexes. For compounds 13 and 19 their opposite
orientation still does not prevent the H-bonds formation
between pyridine cycle ring and Arg-120. At the same
time compound 3 forms hydrogen bonds between Oxy-
gen of thiazolidine ring with catalytic Ser-530 and be-
tween Nitrogen of phenylazo group with Arg-120. Com-
pounds 23 and 34 form complexes with COX-2 on
account of Nitrogen of phenylazo group and Oxygen of
acetamide moiety with Arg-120 and Tyr-355. The com-
plex between compound 34 and receptor is additionally
stabilized by n-H interactions between both thiazolidine
and pyridine rings with the lobby residue Leu-93. Com-
pound 35 is deeply bonded within COX-2 active site and
therefor Oxygen of acetamide moiety is forming hydro-
gen-bonding interactions with both Arg-120 and Tyr-
355. Finally, compound 36 displays H-bonding interac-
tions between acetamide Oxygen with Arg-120 and
Chlorine of dichlorophenyl moiety with Glu-524 at the
base of the active site.
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Table 7. Interaction mechanisms, amino acid residues of the receptors active centers, interactions types and energy for complexes of thiazolo[4,5-b]
pyridin-2-ones with COX-1 and COX-2

Compound
ID COX-1 COX-2
Ligand atoms Amino acids H-bond Interac-  Ligand atoms Amino acids Bond Interac
and groups residues of distance, tion and groups residues of distance, tion
participating in the receptor A energy, participating in the receptor A energy,
the interaction kcal/ the interaction kcal/
with the receptor, mol with the receptor, mol
and interaction types and iuteraction types
1 =N-Ph, Arg-120: NE 2.67 0.1 N (pyridine core), Arg-120: NE 3.41 -0.7
H-acceptor H-acceptor
=N-Ph, Arg-120: NH2 2.76 -1.6 Thiazolidine core, Arg-120: NE 4.70 0.9
H-acceptor T-cation
- - - - Pyridine core, 1-H Tyr-355: OH 4.43 -0.7
2 =N-Ph, Arg-120: NH1 3.05 -1.2 N (pyridine core), Arg-120: NE 2.59 0.1
H-acceptor H-acceptor
=N (nitrile Argl20: NH2 2.68 -1.8 Pyridine core, Tyr-355: OH 4.14 -1.1
group), n-H
H-acceptor
6 N (pyridine Arg-120: NH2 3.38 =22 N (pyridine core), Arg-120: NE 3.28 -12
core), H-acceptor H-acceptor
- - - - Thiazolidine core, Arg-120: NE 4.60 -1.3
TT- cation
28 N (pyridine core),  Arg-120: NH2 3.13 -5.2 N (pyridine core), Tyr-355: OH 2.72 -1.9
H-acceptor H-acceptor
- - - - =0 acetamide group, Arg-120: NE 2.39 8.5
H-acceptor
- - - - Pyridine core, Arg-120: NH2 4.84 -1.0
T-cation
35 N (pyridine Arg-120: NH2 3.54 -1.6 =0 acetamide group, Arg-120: NH2 2.49 2.2
core),H-acceptor H-acceptor
- - - - =0 acetamide group, Tyr-355: OH 2.59 -0.9
H-acceptor
- - - - Ph of phenylazo Lys-83:NZ 3.59 -1.8
group, Tt- cation
36 -N= phenylazo Arg-83 NH1 3.20 -0.7 Cl dichloro- Glu-524: OE1 3.00 -24
group, H-acceptor phenylpyrrole fragment,
H-donor
-N= hydrazide Arg-120 NE 3.05 -39 =0 acetamide group, Arg-120: NE 2.67 -53
group, H-acceptor H-acceptor
Pyridine core,
Ile-89: CG2 3.86 -0.8 - - - -
n-H

3. 2. 2. Docking Results with mPGES-1

mPGES-1 is an inducible and glutathione-depend-
ent enzyme with molecular weight of 15-16 kDa, located
on the endoplasmic reticulum. It is a transmembrane ho-
motrimer consisting of 152 amino acid residues long-
chain.”® Each asymmetric monomer is characterized by a
four-helix bundle motif. Thus, the quaternary structure of
mPGES-1 consists of a homotrimeric protein complex
with twelve membrane-spanning alpha helices, and three

equivalent active site ~15-A-deep cavities with an opening
measuring 12 x 9 A within the membrane-spanning re-
gion at each monomer interface. The mPGES-1 homotri-
mer binds three glutathione (GSH) molecules in “U”-
shaped geometry due to the strong interactions between
its two terminal carboxylic functions and the positively
charged residues in the deeper part of the binding site
(B:Arg-38, A:Arg-73). The GSH is coordinated by hydro-
gen bonds involving the side chains of Arg-73, Asn-74,

Klenina: In Silico Exploration of Molecular Mechanisms ...

277



278

Acta Chim. Slov. 2024, 71, 264-287

Glu-77, His-113, Tyr-117, Arg-126, and Ser-127 from hel-
ices IT and IV, and the side chain of Arg-38 from helix I in
a symmetry-related monomer. In addition to the hydrogen
bonds, the phenol group of Tyr-130 forms a nt-stacking in-
teraction with the gamma peptide linkage between the
cysteine and the glutamate side chain of GSH. Several re-
gions in the binding site of mPGES-1 were disclosed which
could be targeted by potential ligands. Firstly, it is the
binding groove which is located between the GSH binding
site and a molecular surface nearby the cytoplasmic part of
the protein, mainly composed by aromatic (C:Phe-44,
C:His-53) and polar (C:Arg-52) residues. The second
binding region is located in a profound cavity correspond-
ing to GSH binding site which is mainly characterized by
polar residues. In this area except the side chains residues
which coordinate GSH, A:Tyr-130 is a important as its
phenol group in the side chain is involved in a n-stacking
with the gamma peptide linkage between the cysteine and
the glutamate of GSH. This key residue could be targeted
by a binder through a n-n interaction and/or polar/H-bond
interactions with the phenol hydroxyl moiety in the side
chain.”! Also Arg-126 and Ser-127 of chain A represent
another fundamental residues in this binding area since
they may play a critical role in catalytical isomerization
mechanism from PGH2 to PGE2. Finally, moving from
the external part of endoplasmic reticulum membrane to
the cytoplasmic part of the protein, a binding groove is
identifiable at the intersection between chain B and chain
A, with polar (A:GIn-134), aliphatic (B:Val-24) and aro-
matic (B:Tyr-28) residues, and could be bound by long
molecular functions.

In recent years a number of synthetic compounds
with the property of mPGFES-1 inhibition were devel-
oped. Significant amount of them belong to fused hetero-
cycles-based derivatives. Among them some mPGES-1
inhibitors also possessing anti-inflammatory action were
discovered as phenanthrene imidazoles like MF63,”2 ben-
zimidazoles,”® indole carboxylic acid derivatives like
MKS886,7* arylpyrrolizines (Licofelone derivatives),” ben-
zoxazoles,”® aminobenzothiazoles’” and others.

However, despite the high number of inhibitors
identified, to date, only two drug candidates are currently
in Phase II clinical trials. GS-248 was initiated by Gesynta
Pharma AB for treatment of microvascular diseases in
chronic inflammatory conditions and is currently being
tested in Phase II trial (https://www.clinicaltrials.gov/
search?cond=GS-248) with systemic sclerosis patients. In
2023 GS-248 has been assigned the non-proprietary sub-
stance name vipoglanstat and introduced into clinical
phase II development as a drug candidate for treatment of
endometriosis. GRC 27864 (Glenmark Pharmaceuticals
Ltd.) has successfully passed Phase I of clinical trials and
has been adopted for Phase II as dose range finding study
to evaluate the safety and efficacy in patients with moder-
ate osteoarthritic pain.”® Figure 5 shows chemical struc-
tures of some identified mPGES-1 inhibitors.

GRC 17864

Fig. 5. Chemical structures of some known mPGES-1 inhibitors

In order to identify novel compounds that can inhib-
it mPGES-1 and to develop a predictive tool for the design
of more potent mPGES-1 inhibitors based on thi-
azolo[4,5-b]pyridin-2-one scaffold, we performed docking
studies for N3 substituted 5,7-dimethyl-6-phenyla-
z0-3H-thiazolo[4,5-b]pyridin-2-one derivatives against
mPGES-1 considering the X-ray high-resolution (1.2 A)
crystallographic structure of human mPGES-1 linked to
GSH (PDB entry code 4AL0). We utilized molecular struc-
tures of three known mPGES-1 inhibitors, MK886
(3-(1-(4-chlorobenzyl)-3-methyl-1H-indol-2-yl)-2,2-di-
methyl propanoic acid), MF63 ([2-(6-Chloro-1H-phenan-
thro[9,10-dlimidazol-2-yl)-isophthalonitrilel), and Li-
cofelon(2-[2-(4-chlorophenyl)-6,6-dimethyl-1-phenyl-
5,7-dihydropyrrolizin-3-ylJacetic acid) as reference
ligands. The values of the estimated docking scores for
5,7-dimethyl-6-phenylazo-3H-thiazolo[4,5-b]pyridin-2-
one derivatives and reference drugs in their complexes
with mPGES-1 are listed in Table 8.

GBVI/WSA dG, London dG and Alpha HB Scorings
for all thiazolo[4,5-b]pyridin-2-ones in their complexes
with mPGES-1 are comparable with that ones for referenc-
es, while some compounds exhibit more negative values:
compound 21 has more negative values of all three scor-
ings, compounds 25 and 26 are more negative in London
dG, compound 35 displays more negative GBVI/WSA dG,
and compound 36 has more negative both GBVI/WSA dG
and London dG. At the same time Affinity dG Scoring,
which estimated the enthalpic contribution to the free en-
ergy of binding, has considerably higher negative values
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Table 8. The estimated scoring functions for 36 N substituted 5,7-dimethyl-6-phenylazo-3H-thiazolo[4,5-b] pyridin-2-ones and reference drugs in

complexes with mPGES-1

Compo-  GBVI/ London Alpha Affinity  Compo- GBVI/ London Alpha Affinity
und ID WSA dG dG HB dG und ID WSA dG dG HB dG

1 -4.813 —4.269 -2.212 —37.696 21 -5.309 —-8.062 —5.589 —-0.361
2 —3.954 —5.206 -1.289 —54.498 22 —4.042 —6.481 -1.728 —-0.281
3 —3.998 —4.104 —1.438 —23.694 23 -4.811 —-7.741 —2.422 —24.917
4 -3.376 —4.074 -1.329 —13.094 24 —4.114 —6.827 —-1.684 —-20.803
5 -3.928 -3.301 —-1.452 —23.537 25 -4.017 -10.518 —-1.628 -12.337
6 —4.139 —6.594 -1.582 -19.431 26 —4.344 -7.515 —-2.389 —24.832
7 —4.068 —6.248 -2.067 —4.959 27 —4.942 -9.528 —-1.801 -39.510
8 —-3.955 —5.837 -1.566 —19.205 28 —4.879 —5.241 —-2.155 —-19.550
9 —-3.962 —5.844 -1.987 —25.804 29 —-5.059 —-8.500 —2.345 -15.018
10 —-3.656 —6.773 -1.329 —28.648 30 -5.023 —-7.287 —3.433 —29.696
11 —4.967 —7.646 —2.943 -7.614 31 —4.950 -6.732 -2.172 -14.517
12 —5.479 —6.173 -3.163 —14.754 32 —4.670 —6.962 -2.199 —42.320
13 —4.432 —6.567 -1.919 -11.702 33 —-3.500 -7.511 —-0.692 0.000
14 —4.375 —6.311 -1.718 —-10.856 34 —4.474 -8.059 -2.675 -13.970
15 —4.209 -8.831 —2.367 —13.734 35 -5.176 —~7.469 -3.079 -16.379
16 —4.094 =7.277 -2.611 2.194 36 —-5.287 -10.276 -2.616 —15.563
17 —4.607 —6.219 -1.972 -12.391 MKS886 —4.040 —7.472 —2.326 —34.163
18 -3.914 —6.593 —1.588 -1.719 MFé63 —4.068 —4.599 -1.919 —36.495
19 —4.205 —7.136 -2.109 —31.410 Licofelon —3.996 -7.811 -2.741 —33.234
20 —4.986 -7.152 -3.149 -14.257

for the complexes of reference drugs with mPGES-1 in
comparison with thiazolo[4,5-b]pyridin-2-ones com-
plexed, the exceptions are compounds 1, 2 and 27 with
more negative Affinity dG values.

We further analysed the detailed binding modes for
mPGES-1 complexes with ligands. The binding orienta-
tions and interaction mechanisms in ligand-mPGES-1
complexes for the most active compounds are shown in
Table 9.

All ligands fit into the GHS-binding site of
mPGES-1, as confirmed by the molecular docking results
(Figure 6). Most complexes formation is maintained on
account of Arg-126 amino acid residue of mPGES-1 active
site interaction with the ligands while ligands® different
atoms and functional groups are engaged. For instance,
compounds 3, 5, 6, 8, 23 and 27 form hydrogen bonds be-
tween Arg-126 and Oxygen of thiazolidine-2-one ring.
Additional complexes stabilization may be achieved on ac-

Table 9. Interaction mechanisms, amino acid residues of the receptors active centers, interactions types and energy for complexes of thiazolo[4,5-b]

pyridin-2-one derivatives with mPGES-1

Compo- Ligand atoms and groups participating in the

Amino acids residues

Bond distance, Interaction energy,

und ID interaction with the receptor, and interaction of the receptor A kcal/mol
types
1 N (pyridine core), H-acceptor Arg-126: NE 3.53 0.8
N (pyridine core), H-acceptor Arg-126: NH2 3.16 -1.2
=0 of thiazolidine-2-one core, H-acceptor Arg-73: NH2 2.90 -5.7
=0 of thiazolidine-2-one core, H-acceptor Tyr-117: OH 2.87 -3.2
-CHj in pyridine core 5% position, H-nt Tyr-130: 6-ring 4.18 —-0.6
2 =0 of thiazolidine-2-one core, H-acceptor Arg-126: NE 2.99 —6.6
=0 of thiazolidine-2-one core, H-acceptor Arg-126: NH2 3.10 -2.3
=N (nitrile group), H-acceptor Arg-73: NH1 3.38 -2.7
=N (nitrile group), H-acceptor Arg-73: NH2 3.11 -5.7
=N (nitrile group), H-acceptor Tyr-117: OH 3.33 -2.0
6 =0 of thiazolidine-2-one core, H-acceptor Arg-126 NH2 3.02 —4,0
28 -NH- of hydrazide moiety, H-donor Thr-131: OG1 3.10 -2.3
35 Cl dichlorophenyl-furyl fragment, H-donor Ser-127: OG 3.90 -0.6
Pyridine core, n-n Tyr-130: 6-ring 3.93 0.0
36 =N-Ph, H-acceptor Arg-126: NH2 3.36 -1.3
Thiazolidine core, n-H Ser-127: CD 3.87 -1.5
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count of H-binding between Nitrogen of nitrile group with
Arg-127 and Tyr-117 (compound 2), hydrogen-bonding
interaction between nitro group Oxygen of nitrophenyl
moiety in N position substituent and Tyr-130 (compound
10), n-H interaction between pyridine ring and Ser-127 or
H-m interaction between Nitrogen in acetamide moiety
and Tyr-130 (compounds 4 and 32, respectively).

of pyridine core. Also hydrogen bonds between Oxygen of
acetamide moiety with two amino acids residues — Arg-73
and Tyr-117 exist together with H-m interaction between
Carbon of methyl group in thiazolo[4,5-b]pyridin-2-one
fused core C® position and Tyr-130. For compound 35, its
complex with mPGES-1 is formed on account of hydrogen
bonding between Arg-126 and carbonyl Oxygen in benzo-

Fig. 6. a) Three-dimensional binding models of compound 6 (magenta) in the GHS-binding site of mPGES-1. The protein is depicted by ribbons
(chain A). Glutathione (green) and ligand are represented by sticks; b) Sticks representation of the superposition of GHS (green), compounds 6

(magenta) and 36 (cyan) in mPGES-1 active site

Also, H-bond formation with Arg-126 may be
achieved by its interaction with Oxygen of N3-substituent
acetamide moiety like in compound 18 complex with
mPGES-1. The same Oxygen atom can form hydrogen
bonds with Ser-127 (compounds 9, 31). For compound 33,
besides Oxygen of acetamide moiety binding with Arg-
126, thiazole ring can form 7-cation interaction with Arg-
126 while compound 19 can form additional hydrogen
bond between Oxygen of thiazolidine-2-one ring with
Tyr-130. Some compounds are forming hydrogen bonds
between Nitrogen of phenyl-azo moiety and Arg-126 ami-
no acid residue as a single binding (compounds 26, 34) or
in combination with n-H interaction between thiazoli-
dine-2-one ring and Ser-127 (compounds 25, 36) accom-
panied by H-m interaction between Carbon of methyl
group in thiazolo[4,5-b]pyridin-2-one fused core C° posi-
tion and Tyr-130 (compounds 13, 17, 24). Arg-126 togeth-
er with Ser-127 and His-113 may act as H-donors for nitro
group Oxygen of nitrophenyl moiety in N* position sub-
stituent (compounds 11, 12, 20, 21), while additional
complexes stabilizing is maintained on account of ©-H in-
teractions between thiazolidine-2-one ring (compound
11), pyridine ring (compound 12) or phenyl in phenyl-azo
fragment (compound 20) and Tyr-130. Compound 1 can
form H-binding with Arg-126 on account of its Nitrogen

ic acid moiety accompanied by H-binding between Oxy-
gen of acetamide moiety with Tyr-130 and n-H interaction
between thiazolidine-2-one ring with Tyr-130. Some com-
pounds can form n-H interaction between phenyl in phe-
nyl-azo fragment and Arg-126 (compounds 7, 15, 22). In
complexes of compounds 15 and 28 with mPGES-1
H-bond is formed between Nitrogen of acetamide moiety
and Thr-131, while for compounds 7 and 15 additional
n-H interaction between pyridine ring and Ser-127 can
stabilize corresponding complexes.

In the complex of compound 22 H-bonding with
Thr-131 is forming on account of thiazole core Sulfur at-
om. Similar S-Thr-131 hydrogen bond is formed for com-
pound 29 in its complex with mPGES-1. Thus compounds
28 and 29 have no interactions with Arg-126. Similarly,
compounds 14, 16 and 35 do not form binding with Arg-
126. Compound 14 form H-n interaction between Carbon
of methyl group in thiazolo[4,5-b]pyridin-2-one fused
core C° position with Tyr-130 in combination with n-H
interaction between thiazolidine-2-one ring and Ser-127.
Compound 16 can form H-bond between Oxygen of
acetamide moiety and Tyr-130 in combination with n-H
interaction between thiazolidine-2-one ring and Tyr-130.
For compound 35 in its complex with mPGES-1 hydrogen
bond between Chlorine of dichlorophenyl-furyl fragment
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with Ser-127 is accompanied by pyridine ring — Tyr-130
T-T interaction.

Active dock poses of thiazolo[4,5-b]pyridines within
the binding pocket of mPGES-1 analysis ensured the ac-
ceptor-ligand interaction possibility via hydrogen binding
between oxygen of thiazole ring, Oxygen of N>-substituent
acetamide moiety, Nitrogen atom of phenyl-azo moiety or
Oxygen of nitrophenyl moiety in N3 position substituent
of ligands and key side-chains residues of mPGES-1, con-
firmed with the effective docking scores.

3. 3. Protein-ligand Interaction
Pharmacophore Modelling

A pharmacophore is an abstract description of mo-
lecular features that are necessary for molecular recogni-
tion of a ligand by a biological macromolecule. The term
pharmacophore was coined by Paul Ehrlich in 1909 to
mean "a molecular framework that carries the essential
features responsible for a drug's biological activity".”
IUPAC defines a pharmacophore to be "an ensemble of
steric and electronic features that is necessary to ensure the
optimal supramolecular interactions with a specific bio-
logical target and to trigger (or block) its biological re-
sponse".8® So we may consider a pharmacophore as a 3D
model describing the type and location of the binding in-
teractions between a ligand and its target receptor. A phar-

Lyvs I~r
an §E

macophore model explains how structurally diverse lig-
ands can bind to a common receptor site. Furthermore,
pharmacophore models can be used to identify through de
novo design or virtual screening novel ligands that will
bind to the same receptor.

As a predictive tool for the design of more potent in-
hibitors discovery we performed 3D pharmacophore
modelling for thiazolo[4,5-b]pyridines using protein-li-
gand interaction fingerprints (PLIF) tool implemented in
MOE software. PLIFs may be considered as strings that
convert protein-ligand interactions from 3D information
into 1D representations.

There are two categories of interaction in which a
residue may participate in a protein-ligand complex: po-
tential (energy-based) contacts and surface (patch) con-
tacts. For potential contacts, the value is that of the strong-
est interaction between any pair of atoms in the residue
and ligand, whereas for surface contacts the value is the
total contact area of each type between a residue and the
other molecule.

PLIF possesses a composition of seven visible finger-
print bits: side-chain hydrogen bond donor (D), side-chain
hydrogen bond acceptor (A), backbone hydrogen bond
donor (d), backbone hydrogen bond acceptor (a), solvent
hydrogen bond (O), ionic attraction (I) and surface con-
tact (C). The hydrogen bond fingerprints are calculated
using a method based on protein contact statistics, where-

Fig. 7. Barcode representation of the docking interactions between researched compounds and COX-1 (a) and COX-2 (b) isoforms
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by a pair of atoms is scored by distance and orientation.
Ionic interactions are scored by calculating the inverse
square of the distance between atoms with opposite formal
charge (e.g. a carboxylate oxygen atom and a protonated
amine). Surface contact interactions are determined by
calculating the solvent-exposed surface area of the residue,
first in the absence of the ligand, then in presence of the
ligand 3182

Receptors interaction fingerprints were generated
firstly from the docked poses of the virtual screening hits.
Affinity dG < —4 was used as a query for active poses. A
"barcode” is a matrix image of fingerprints, in which each
column corresponds to the formed interaction of a certain
type (bit) with the corresponding amino acid residue, ami-
no acid residues are marked on the x-axis. Each line in the
"barcode" indicates the active conformational position of
the ligand that forms an interaction with the correspond-
ing amino acid residue.

As the interactions summarizing between ligands
and both COX isoforms, the barcode diagrams were con-
structed for the virtual screening hits which depict the
most frequent interactions between ligands and the side
chains residues of COX-1,2 (Figure 7).

Barcodes for both COX isoforms contain five finger-
prints with Arg-83 in COX-1 being changed to Lys-83 in
COX-2, also Ile-89 being replaced with Tyr-115. Arg-83
fingerprint in COX-1 barcode consists of 3 bits - AAC,
that is it can act as two hydrogen bonds acceptor and may
form a surface contact with the ligand. At the same time
Lys-83 fingerprint in COX-2 barcode is a two-bits one —
AC, acting as hydrogen bond acceptor and forming a sur-
face interaction. Ile-89 fingerprint is one of the most fre-
quently populated in COX-1 barcode while it has just one
bit - surface contact. Tyr-115 in COX-2 contains two bits
- AC (H-bond acceptor and surface contact). The majority
of compounds in the dataset showed interactions with
Argl120 residue (99.4% of docking poses for COX-1 and
97.6% of docking poses for COX-2), its fingerprint con-
sists of three bits for both COX isoforms — AAC: it may
form two hydrogen bonds with the complexed compound
on account of its sidechain nitrogen atoms action as accep-
tors in the donor-acceptor interactions, and the contact

surface interaction is also possible. The most frequently
populated interacting residues are also Tyr355 and Ser-
530, both are two-bits fingerprints - AA - acting as two
hydrogen bonds acceptors.

The pharmacophore query generator option in the
PLIF module was used to generate pharmacophore-3D
models from the fingerprint bits with the input setting of 3
A maximum radius and feature coverage 50% threshold.

Generated pharmacophore models for both COX
isoforms included two features (Figure 8).

Each generated model includes one common phar-
macophoric feature, which performs a single function in
providing binding between ligands and the protein: fea-
ture F1 as hydrogen bond acceptor centre (Acc) with the
radius of 1.855 A for COX-1 and hydrophobic centre fea-
ture F1 (HydA) with the radius of 2.986 A for COX-2. The
second pharmacophore centre F2 in both obtained queries
can perform a dual function: it is a region with the radius
of 1.968 A (COX-1) or 2.259 A (COX-2) containing an
H-acceptor or a hydrophobic atom (Acc&ML|HydA for
COX-1 or HydA|Acc&ML for COX-2). Acc&ML means a
combination of hydrogen bond acceptor feature and a
metal ligation site. The distances between the pharmaco-
phoric centres are 2.81 A in the model for COX-1 and 6.28
A in the model for COX-2.

Constructed pharmacophoric models for COX-1,2
were then validated by screening the test compounds data-
base over them. Compounds overlaying with two-points
pharmacophore queries (Figure 9) suggests that H-accep-
tor feature is commonly overlayed with the steric arrange-
ment of the nitrogen atom of the pyridine heterocycle, ni-
trogen in hydrazide group, or the oxygen atom of the
acetamide fragment in N3 substituent moiety. Thiazoli-
dine-2-one core, the carbon atom connected to nitrogen in
the 3" position of the thiazolidine ring, or the carbon at-
oms of the alkyl substituent in N position can act as hy-
drophobic regions.

Performed pharmacophore search ensured that the
pharmacophore queries summary at 357 docking entries
obtained for COX-1 are able to describe correctly the ab-
solute hits number of 310 docking conformations (86.83%)
with 33 of 36 structures (91.67%) without additional steric

e, F2:HydA|Acc&ML

Fig. 8. Two-points pharmacophore queries generated with PLIF tool for thiazolo[4,5-b]-pyridin-2-one derivatives in complexes with COX-1 (a) and

COX-2 (b)
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Fig. 9. Two-points pharmacophore queries overlaying with compounds 1 (grey) and 6 (magenta) for COX-1 (a) and COX-2 (b)

modifications of the ligands structure. The correctness of
pharmacophore query obtained for COX-2 revealed 23
compounds (63.89%), or 219 conformations (53.16%) out
of 412 obtained by docking as the absolute hits. The rela-
tive hits number for both COX iso-forms was found
100.00% with the active poses of 36/36 compounds
(100.00%).

Receptor interaction fingerprints were generated
from the docked poses of the virtual screening hits with
mPGES-1 active sites coordinates depicting the interac-
tions between compounds from the dataset and the fol-
lowing receptor amino acids residues: Arg73, Hisl13,
Tyr117, Argl26, Ser127, Tyr130, and Thr131 (Figure 10).

Arg-73 fingerprint consists of 2 bits - AC, that is it
can act as side-chain hydrogen bond acceptor and may
form a surface contact with the ligand. His-113 and Tyr-
117 are one-bit fingerprints both acting as hydrogen bond
acceptors. The most highly populated Arg-126 amino acid
residue and Ser-127 are two-bits fingerprints - AA - both
acting as two side-chain hydrogen bonds acceptors. Tyr-
130 fingerprint contains 3 bits - AAC, that is it can act as
two hydrogen bonds acceptor and may form a surface con-
tact with the ligand. Thr-131 is also a three-bits fingerprint
- DDA, while it can act as two side-chain hydrogen bonds
donor and may form a surface contact with the ligand.

The generated 3D pharmacophoric model obtained
as a result of PLIF identification for thiazolo[4,5-b]pyri-
dine-2-one derivatives in mPGES-1 active site contains
three common features (Figure 11a): hydrogen bond ac-

ceptor feature with the radius of 2.915 A and two hydro-
phobic center features with the radii of 2.768 A and 2.893
A. The distances between the H-acceptor and two hydro-
phobic centres are 6.18 A and 4.01 A, and the distance be-
tween the hydrophobic pharmacophoric centres is 6.79 A.
The data set compounds were virtual screened over the
developed pharmacophore query in order to validate its
correctness (Figure 11b). Compounds overlaying with the
constructed pharmacophore query for mPGES-1 suggests
that H-acceptor feature is commonly overlayed with the
nitrogen atom of the pyridine core or the oxygen atom of
the acetamide fragment in N* substituent moiety. Thiazo-
lidine core, the part of pyridine core together with methyl
substituents in its 5 or 7 positions, or phenyl moiety
connected to azo group can act as hydrophobic regions.

The correctness of pharmacophore queries was con-
firmed in the way of pharmacophore search performing.
The summary at 786 entries showed the absolute hits num-
ber of 467 docking conformations (59.41%) with 25 of 36
structures (69.44%). The relative hits number for con-
structed mPGES-1 pharmacophoric model was found as
786 entries (100.00%) for 36/36 compounds (100.00%).

The analysis of all obtained pharmacophore models
indicates the functionality of the condensed bicyclic thi-
azolopyridine scaffold, which is ensured by the steric
placement of atoms of at least one of these heterocycles in
the corresponding pharmacophore centers. The generated
models can be used to screen virtual compound libraries
for potentially active molecules.

— ——
— — P — —_—
e e eee—— — _V— —_—
— , S— — e ———————
Arg His r Arg v Tor
73 113 117 126 130 131

Fig. 10. Barcode representation of the docking interactions between active dock poses of the researched compounds and mPGES-1
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Fig. 11. Three-points pharmacophore query generated with PLIF tool for thiazolo[4,5-b]-pyridin-2-ones in complexes with mPGES-1 (a); its over-

laying with compounds 1 (grey) and 6 (magenta) (b)

4., Conclusions

Condensed thiazolopyridine heterocyclic system can
be considered as a promising scaffold for the combinatori-
al libraries construction of potential biologically active
small molecules. This conclusion is based on the diversity
of biological actions possessed by their derivatives and in-
hibitory properties of this system towards several enzymes,
revealed with virtual screening tools, what is typical for
privileged structures.

Firstly, the combination of two heterocycles to
form a bicyclic condensed system as the scaffold for
further functionalization, provides a small number of
rotational bonds. Secondly, the affinity of the com-
pounds under study towards several receptors proved
by molecular docking results was ensured by the com-
plementarity of the electrostatic and steric surfaces of
receptors and ligands in general and the core scaffold in
particular, as it was shown that the number of fused bi-
cyclic core heteroatoms were able to form energetically
favourable non-covalent interactions with proposed re-
ceptors. And, thirdly, the existing possibilities for thi-
azolopyridine core functionalization, in particular in its
3'd and 6™ positions, allow to increase the inhibitory
selectivity and specificity of the corresponding deriva-
tives as well as their affinity towards certain receptors
by introducing the appropriate substituents into the
molecular structure.

The proposed virtual screening results provide an
excellent starting point for rational design and de novo
synthesis of novel thiazolo[4,5-b]pyridine-2-one scaffold
based potential drug candidates.
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Povzetek

Poro¢amo o kombinirani in silico strategiji za raziskovanje molekulskih mehanizmov serije 3H-tiazolo[4,5-b]piri-
din-2-onov, ki kazejo mo¢no protieksudativno delovanje. Pri raziskavi smo uporabili metode QSAR, molekularnega
sidranja in modeliranja farmakoforov. Pri generiranju QSAR modelov z deskriptorji 2D avtokorelacije smo uporabili
tehniko GA-ML. Eno- in dvo-parametrska regresija je razkrila, da dolo¢eni strukturni vzorci ali heteroatomi vzajemno
prispevajo k povecanju protieksudativne aktivnosti. Mozne mehanizme delovanja smo dolo¢ili s fleksibilnimi simulaci-
jami sidranja v encime, ki nastopajo v poti ciklooksigenaze (COX-1, COX-2, mPGES-1). Rezultati kaZejo na moznost
tvorbe stabilnih kompleksov z dobrimi ocenami sidranja in pravilno orientacijo ligandov znotraj aktivnih mest encimov.
Modeliranje farmakoforov je bilo izvedeno z uporabo metodologije prstnih odtisov interakcij med proteinom in ligan-
dom. Napravili smo 3D farmakoforne preiskave z dvema in tremi centri. Njihova analiza je nakazala funkcionalnost
bicikli¢nega tiazolopiridinskega ogrodja, kar dokazuje, da so heteroatimi steri¢no umesc¢eni v ustrezne farmakoforne
centre.
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