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designed molecules were duly synthesized, and evaluated for their in vitro ALR2 inhibitory activity that

resulted in the micromolar (ICsp <22 M) activity of all molecules. Thus, the newly designed molecules
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having ALR inhibitory potential could be employed for the management of diabetic complications.
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1. Introduction

Worldwide, diabetes is achieving higher dimensions due to
change in people life style, which lead to reduced physical activ-
ity and increased obesity, the main roots of diabetic conditions.
As per world health organisation (WHO) diabetes webpage, 347
million people have diabetes, which is projected to be the 7th
leading cause of deaths by 2030 [1]. Diabetes mellitus is one
of the most common chronic metabolic diseases, characterized
by chronic hyperglycaemia and the development of diabetes-
specific microvascular and macrovascular pathology. Prolonged
hyperglycemia is a primary causal factor of several diabetic
complications. Large prospective clinical studies show a strong
relationship between glycaemia and diabetic microvascular com-
plications in both type 1 and type 2 diabetes [2,3].

Many studies have revealed a correlation between glucose
metabolism via the polyol pathway (Fig. 1) and long-term dia-
betic complications. Aldose reductase, ALR2 (EC 1.1.1.21), is the first
and rate-limiting enzyme in this pathway which normally reduces
glucose to sorbitol using Nicotinamide adenine dinucleotide phos-
phate (NADPH) as a cofactor; at the same time another enzyme
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sorbitol dehydrogenase oxidizes sorbitol to fructose. However, in
diabetic condition, the glucose level in this pathway is increased
and sorbitol is produced faster than being oxidized to fructose [4].
The accumulated sorbitol cannot cross the cell membrane easily
and therefore causes swelling and cell dysfunction in a number
of tissues. In addition, fructose can become phosphorylated to
fructose-3-phosphate, which is broken down to 3-deoxyglucosone,
ultimately forming advanced glycation end products that are capa-
ble of cellular damage [5-7]. These abnormal metabolic results have
been reported to be responsible for diabetic complications such as
cataracts [8], retinopathy [9], neuropathy [10], and nephropathy
[11]. The inhibition of ALR2 is a possible prevention or treatment
of these effects [12].

The flavonoids are of low molecular weight plant products
which are abundant, ubiquitously found in a wide variety of edi-
ble plants, fruits, nuts, seeds, and plant-derived beverages, such as
juice and tea [13]. They are also called vitamin P16 and have been
described as health-promoting, disease-preventing dietary supple-
ments [14]. They are relatively simple to synthesize and extremely
safe and associated with low toxicity, making them excellent candi-
dates for several interesting biological activity profiles in enzymatic
systems, and as chemo-preventive agents [15]. They may exert
an anti-hyperglycaemic effect by promoting peripheral utilization
of glucose or enhancing the sensitivity of insulin in diabetic ani-
mals [16]. In addition, it was reported that the therapeutic benefits
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Fig. 1. The polyol pathway.

Fig. 2. Common template of phenyl-benzopyrane present in data set molecules.

of flavonoids are usually linked to two properties: (i) inhibition
of certain enzymes such as xanthine oxidase, ALR2 [17], acetyl-
cholinesterase [18], Janus kinase [19], Spleen Tyrosine Kinase [20]
and (ii) antioxidant activity [21], consequently their study is greatly
interested in many research fields.

Major pharmaceutical companies pay their attention to the
speed up efficacious drug discovery with the primary aim of reduc-
ing cost per synthesized compound. Computer aided drug design
(CADD) approaches which are able to predict the biological activ-
ities of compounds by their structural properties are powerful
tools to design new active molecules. In this sense, quantitative
structure-activity relationship (QSAR) studies have been success-
fully applied for modelling biological activities of natural and
synthetic chemicals. QSAR studies have been carried out for mod-
elling activities of several kinds of ALR2 inhibitor. Some recent
reports have linked structural features of the ligands with their
ALR2 inhibition by using topology indexes [17,22] three dimen-
sional (3D)-QSAR methodologies [23,24], comparative molecular
field analysis (CoMFA), comparative molecular similarity indices
analysis (CoMSIA) and artificial neural networks, etc. [25-27].

The current study involves the development of in silico models
to predict the ALR2 inhibitory activity of a set of 46 flavonoids [17]
mentioned in Table 1 and the common scaffold of these molecules
isdisplayed in Fig. 2. Stefanic-Petek et al. reported a QSAR model for
describing these compounds by using multi-linear regression anal-
ysis with classical and quantum chemical descriptors [28]. After
that, Fernandez et al. reported linear and nonlinear QSAR models
[29], and found that structural features related to the molecular
topologies and charges are related to the inhibitory activity of these
compounds. Caballero in 2010 reported 3D-QSAR by CoMFA and
CoMSIA and Pharmacophore by GALAHAD (genetic algorithm with
linear assignment of hyper-molecular alignment of the database)
[30]. In the present paper, ALR2 structure guided atom based
3D-QSAR model was developed for throwing some light on the
substituent requirements for lead optimization of flavones based
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Fig. 3. Schematic view of the research protocol followed in the present study.

ALR2 inhibitor. A schematic workflow of proposed study is shown
in Fig. 3.

2. Experimental
2.1. Selection and preparation of molecular dataset

A data set of 46 studied flavone inhibitors of ALR2 was selected
from the published literature [17]. The ALR2 inhibitory activity

of the selected molecules was reported as pICsg value in the lit-
erature, which corresponds to the negative logarithm of dose



B. Vyas et al. / Journal of Molecular Graphics and Modelling 59 (2015) 59-71 61

Table 1
Molecular structures and their corresponding experimental biological activity values of flavonoid ALR2 inhibitors.

Sr. No. 3 5 6 7 8 2 3 4 5 plCsp ®
1 OCH3 OH OCH3 OH OH OH 7.55
2 OH OCH3; OH CH,Ph OH OH 747
3 OH OCH3; OCH3; OCH3 OH OH 7.41
4 OCH3 OCH3 OCH3 OH OH 7.35
5 OCH3; OH OH OH OH OH 7.24
6 OH OH OCH3 OCH3 OH OH 7.19
7 OCH3 OH OCH3 OH OH 7.13
8 OH OCH3 OCH3 OH OH 7.11
9 OH OH OH OCH3 OH OH 6.92

10 OCH3; OH OCH3 OH OH 6.85

11 OCH; OCH3 OCH3 OCH3 OH 6.79

12 OCH3; OCH3 OH OH OH 6.79

13 OCHj3 OCH3; OCH3; OCH3 OH OH 6.77

14 OH OH OH OH OH 6.69

15 OH OCH3 OCH3 OH OH 6.77

16 OH OCH3; OH OH OH 6.64

17 OCH;3 OH OH OCH3 OH OH 6.62

18 OCH3 OCH;3 OCH3 OCH3 OH OH 6.57

19 OH OH OCH3 OH OH 6.55

20 OCHj3 OCH3; OH OCH3 OH OH 6.55

21 OH OH OCH3 OH OH 6.52

22 OCH3; OCH3; OH OCH3 OH OH 6.52

23 OCHj3 OH OCH3 OCH3 OH OH 6.46

24 OH OCH; OH OCH3 OH 6.39

25 OH OCH3 OCH3 OCH3 OH 6.27

26 OCH3; OH OH OCH3; OH OH 6.09

27 OH OH OCH3 OCH3 OH 6.07

28 OH OH OH OCH3 OH 5.92

29 OH OH OH OCH3 OCH3; OH 5.92

30 OH OCH3; OCH3 OH 5.85

31 OH OCH3 OH OCH3 OCH3 OH 5.35

32 OCH3; OH OCH3 OCH3 OCH3 OH 5.20

33 OH OCH3; OCH3 OCH3; OH 5.17

34 OH OCH3 OH OCH3 OCH3 5.14

35 OH OH OH OCH3 5.09

36 OH OH OCH3 OCH3 5.08

37 OH OCH3 OCH3 OCH3 OCH3 OH 434

38 OH OH OCH3 OCH3 OCHj; OH 3.96

39 OCH3; OH OCH3; OCH3 3.54

40 OH OCH3 OCHj3 OCH3; OH 3.50

41 OCH; OH 3.00

42 OH OCH3 OCH3 OH OCH3 3.00

43 OH OH 5.78

44 OH OH OH 5.64

45 OH OH 528

46 OH OH OH 6.46

2 —logICso; where ICsq represents the dose of compound in mole required to produce 50% inhibition of Aldose Reductase enzyme.

required to produce 50% ALR2 inhibition (—logICsy). The ALR2
inhibitory activity of the selected molecules was determined using
a same experimental protocol, and pICsg value spanned over a wide
range, i.e. 7.55-3.00. The chemical structures of all molecules were
sketched using “builder tools” option of “Maestro” program ver-
sion 9.3 [31], and then their 3D geometries were energy optimized
in “LigPrep” program version 2.5 [32] using “OPLS_2005" force field
[33]. The least energy conformers of all molecules were generated
employing ‘systematic torsional sampling’ algorithm, and there-
after the ionic states were generated at pH value of 7.0 +- 0.2—a pH
value used during ALR2 activity (pICsg) determination of 46 studied
molecules.

2.2. Docking analysis

All molecular docking simulation experiments were performed
in “Glide” program version 5.8 [34,35] that performs constrained
docking, in which the protein molecule is kept constant while
the ligand is allowed to undergo conformational sampling. Glide
include three levels of conformational sampling for docking

precisions, i.e. extra precision (XP), standard precision (SP) and
high throughput virtual screening (HTVS). Among these three
precision levels, XP is the most accurate and produce significantly
good conformations as compared to SP and HTVS; however, it is
more time consuming. Thus, for the present analysis, Glide-XP was
employed for all docking simulations.

For docking simulations, seven crystal structures of ALR2 were
downloaded from protein data bank, i.e. 1TUSO [36], 1IPWM [37],
1Z8A [38], 2PZN [39], 3U2C [40], 1Z3N [41], 1T41 [42]. The down-
loaded protein structures were devoid of hydrogen atoms, and
contain solvent molecules; thus, they needed to be rectified prior
to use for docking analysis. All proteins were rectified in “Pro-
tein Preparation Wizard” [43], and their rectification included
removal of solvent molecules, addition of hydrogen atoms, fill-
ing of missing side chains and loops, and completion of ligand
bond order. Thereafter, the protein complex was minimized with
restricted minimization implemented in “impref”, a sub-procedure
of “protein preparation wizard”, and after this minimization, a new
complex was within 0.15 ARMSD (root mean square derivation) for
binding pocket residues from a reference crystal structure.
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Among the selected proteins, a universal crystal structure that
could serve as a representative for ALR2 protein to analyze the
interactions of its ligands, was selected based on cross-validation
results of all proteins [44]. In the cross docking protocol, the
crystal ligands of all selected protein structure were sketched,
energy minimized, and their global minimum conformation was
generated using ‘systematic conformational sampling’. Thereafter,
the generated conformation of each crystal ligand was re-docked
into the active site of each protein structure. After re-docking, the
docked conformation of each crystal ligand was compared with its
respective native crystal conformation, and RMSD between these
two conformations was determined in terms of all atoms. Finally,
an average RMSD value was calculated from the RMSD values of all
crystal ligands in each protein system, and a protein describing the
lowest value of average RMSD was selected for ligand docking.

For the docking runs, the maximum number of docked confor-
mations was set as ten, and the best docked conformation of each
molecule was selected based on docking energy and visual inspec-
tion. The visual inspection includes analysis of hydrogen bonding,
orientation and position of molecules.

2.3. Protein-ligand complex minimization

To remove the unfavourable steric clashes, ligand-protein
complexes—obtained from “Glide” docking—were processed using
“MM-GBSA” (Molecular Mechanics/Generalized Born Surface Area)
calculations in “Prime” (version 3.1) program [45]. For this pur-
pose, the receptor segment of 7A around the docked ligand
was kept as flexible during complex minimization. In addition
to minimization of ligand-protein complex, strain and binding
free energy of the ligand was also calculated. The binding free
energy (AGpjind), calculated with “MM-GBSA”, can be formalized as
AGpind = AEmm + AGgopy — TAS relationship, where AEyuv, AGsory
and —TAS are the changes of the gas phase molecular mechan-
ics energy, solvation free energy and conformational entropy upon
binding, respectively. AEyy includes AEjermal (bond, angle and
dihedral energies), AE.o. (electrostatic)and AE,4,, (vander Waals)
energy. AGgy (salvation energy) is a sum of electrostatic solvation
energy (polar contribution), AGgg, and the non-electrostatic solva-
tion component (non-polar contribution of surface energy), AGsa
[46].

2.4. Atom-based 3D-QSAR: model generation and validation

In computer assisted drug design, 3D-QSAR term describes the
development of a mathematical regression model between 3D
structural features of molecules (i.e. independent variable denoted
as X) and their corresponding biological activity values (dependent
variable denoted as Y), with the help of chemometric techniques,
e.g. Partial Least Square (PLS) analysis. The generated 3D-QSAR
model could be used to extract out the vital structural features of
molecules required to improve their biological activity, and for the
activity prediction of newly designed molecules [47-49].

To develop an atom based 3D-QSAR model, an aligned bun-
dle of all training set molecules was placed into a regular grid of
cubes (1A x 1A x 1A). Each cube of the grid is allotted a 0 or 1 “bit
value” to account for different types of atom features present in the
molecules that occupy these cubes. In this way, binary expression
of each training set molecule generates a large dataset of bit val-
ues, which was utilized as independent variable, and subsequently
correlated with biological activity to develop a 3D-QSAR model. For
model generation, “t-value” was set as less than 2, and grid spac-
ing as 1 A. “PHASE” program [47,48] generates a series of 3D-QSAR
models considering progressively more PLS factors, which should
not be more than 1/5th of total number of molecules in training set.

The best model was selected based on various statistical parameters
including QZ, RZ . and standard deviation (SD).

The selected model was validated for its prediction ability and
reliability. The selected model was validated by performing “Y-
randomization” test, leave group out (LGO) cross-validation, and
calculating “applicability domain (APD)” [50,51] and statistical
parameters as suggested in [52].

“Applicability domain” was calculated to describe the reliability
of generated model to predict new molecules. For “APD” calcula-
tion, similarity measurements were calculated based on Euclidean
distances between all pairs of training and test set compounds
separately [50,51]. Initially, average (u) of all Euclidean distances
between the training set compounds was calculated, and there-
after new average <d> and standard deviation (o) of training set
molecules with distances lower than the value of ;4 were computed.
Z is an empirical cutoff with default value of 0.5.

APD =< d > +0oZ

To evaluate the sensitivity of the generated models to chance
correlations ‘leave many out (LMO)’ parameter was calculated. In
LMP cross-validation, ‘n’ molecules were omitted from the data
set, and remaining molecules were utilized to develop new model,
which was further used to predict the omitted ‘n’ molecules. The
same process was continuously repeated until each molecule is
omitted and predicted once.

“Y-randomization” test was employed to determine the regres-
sion quality of generated model. For this test, the activity data of
training set molecules was scrambled, and new training sets were
generated, which were thereafter utilized to develop new QSAR
models and determine new R?min values [50,51]. The average of
thram obtained from scrambled (new) training sets, denoted by
< rambler Was determined that must describe low value as com-
pared to original Rfrain value of the selected model, if not, then the
selected model would be meaningless and generated by chance.

In addition to these validation parameters, professor Golbraikh
and Tropsha have described a criteria of few statistical parameters
that the developed QSAR model should satisfy order to get consid-
ered as a reliable model. A good QSAR model should always have
coefficient of correlation close to the ideal model (thrain =1) for
having high predictive reliability. In addition to original Rfmm of the
generated model, the correlation coefficients of the regression lines
passing through the origin, i.e. Ro2 (predicted versus observed activ-
ities) and sz (observed versus predicted activities) should also be

closetoR2_. .Moreover, [(R? —Ro?)/R*]and [R? — sz 1/R? should be
less than 0.1, and the corresponding ‘slopes’ of R,% and R;,Z regres-
sion lines, i.e. k and k' should be between 0.85 and 1.15 (0.85 <k,

K <1.15)[52].

2.5. Chemical synthesis

2.5.1. Material required

All chemicals required for synthetic protocol were purchased
from Sigma Aldrich, and they were >99% pure as certified by man-
ufacturer, thus used without any further purification. At each step,
the completion of chemical reaction was monitored with thin layer
chromatography {DC-Alufolien (20 cm x 20 cm) Kieselgel 60 Fos4
chromatic plates} using hexane:ethyl acetate (6:4) as TLC develop-
ment solvent system. The products of all chemicals reactions were
purified by either eluting on silica columns or re-crystallization
from appropriate solvent. Melting point of each compound was
noted on Labtronics digital automatic melting point apparatus. The
characterization of all compounds was performed based on their
respective spectral data. Infra red (IR) spectra of compounds was
recorded on Bruker® (Alpha E) FT-IR spectrometer, mass spectra on



Table 2

Results of cross-docking experiments for the selected seven crystal structures of ALR2.
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Scheme 1. Synthetic protocol for the synthesis of designed molecules.

Waters® Q-TOF micromass (LC-MS) using ESI (+) mode, and proton
(TH) NMR spectra on Bruker® Advance-I1 400 MHz NMR spectrom-
eter using deuterated chloroform (CDCl5-dg) or dimethylsulfoxide
(DMSO-dg) as solvent.

2.5.2. Chemical reactions

The complete synthetic protocol for compounds 5a-e is dis-
played in Scheme 1. In the first step of synthetic protocol,
substituted o-benzoyloxyacetophenones (3a-e) were synthesized
from the chemical reaction of substituted o-hydroxyacetophenone
(1, 0.1mol) with substituted benzoyl chlorides of choice (2,
0.15mol) in the presence of dry pyridine as solvent. The hot reac-
tion mixture, due to spontaneous evolvement of heat, was allowed
to cool down and attain room temperature. Then, the cool mix-
ture was poured, with constant stirring, into 3% hydrochloric acid
containing crushed ice that results in the precipitation of solid
residue. This solid residue was filtered, washed with methanol fol-
lowed by water, and air-dried. The re-crystallization of this solid
from methanol results in white precipitates of pure substituted
o-benzoyloxyacetophenones (3a-e).

The second step involved the synthesis of substituted o-
hydroxy-di-benzoylmethane molecules (4a-e) from intermediate
compounds (3a-e), in the presence of dry pyridine. The solution
of compound 3a-e in dry pyridine was heated to 50°C, and 7¢g
of hot pulverized potassium hydroxide (85%) was added to it. The
mixture was mechanically stirred for 15 min that resulted in the
gradual appearance of yellow precipitates of potassium salt of
substituted o-hydroxy di-benzoylmethane molecules. The reaction
mixture was allowed to achieve room temperature, and thereafter
acidified with 100 ml of 10% acetic acid to desalt the compounds.
The pure diketone compounds (4a—e) were obtained as light-yellow
coloured solid that were filtered and air-dried.

Furthermore, in the third step of synthetic protocol, diketone
molecules (4a—e) were refluxed (1 h) on water bath in the presence
of glacial acetic acid and conc. sulphuric acid, to achieve cyclized
products. Upon the completion of chemical reaction, monitored by
TLC, the reaction mixture was poured onto crushed ice with vig-
orous stirring that resulted in the precipitation of crude flavone
product [53,54]. The crude product was filtered, washed with water
to remove acid traces and air-dried. The crude solid was eluted on

silica column using hexane:ethyl acetate (6:4) as solvent system,
to obtain pure flavone compounds (5a-e).

2.6. Biological evaluation

2.6.1. Material required

To perform ALR2 inhibitory activity assay, following chemicals
and materials were procured and used for study. bL-glyceraldehyde
(Sigma Aldrich), NADPH and 2-mercaptoethanol (Himedia Lab-
oratories Pvt. Ltd.,, Mumbai), epalrestat (Microlabs Ltd.), sodium
carbonate, dipotassium hydrogen orthophosphate, ammonium sul-
phate, lithium sulphate and sodium hydroxide (Loba Chemicals Pvt.
Ltd., Mumbai). All required solutions for study were freshly pre-
pared, and goat eyes were obtained from a local abattoir soon after
slaughtering.

2.6.2. Assay method

The eye lenses of a freshly slaughtered goat were surgically
removed, washed with cold distilled water, and homogenized
in cold water (distilled) containing 10mM 2-mercaptoethanol
(1:3 w/v). The homogenate was centrifuged (10,000rpm) for
30min at 4°C, and thereafter, the supernatant liquid was satu-
rated by adding 40% ammonium sulphate. The saturated solution
was filtered, and the filtrate was again centrifuged (10,000 rpm)
for 30 min at 4°C to get a clear lens solution containing ALR2
enzyme which was (supernatant) utilized for ALR2 enzyme
assay [55,56].

The assay reaction mixture contained 1ml of supernatant
(ALR2), 1ml of 0.0067 M phosphate buffer containing 0.104 mM
NADPH, 10mM glyceraldehyde, 0.4 M LiSO4 and 1ml of differ-
ent concentrations of inhibitors (2.5 pug/ml, 5 pg/ml, 10 pg/ml,
20 pg/ml, 40 pg/ml). The enzyme reaction starts upon the addi-
tion of a substrate molecule, i.e. glyceraldehyde (10 mM), and the
absorbance of assay reaction mixture was recorded for 3 min on a
UV spectrophotometer at 340 nm. The enzyme inhibitory activity of
each compound was calculated based on reduction in absorbance of
reaction mixture due to decreased enzymatic oxidation of NADPH
to NADP* by ALR2. The activity of each compound at different
concentrations was calculated using following formula, where AA
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Fig. 4. The correlation graph between experimental activities of molecules and free energy of binding calculated in “MM-GBSA”.

test/min is the rate of change of absorbance per minute for test
sample [55,56].

Activity U/ml(units per millilitre)

The selected crystal structures include 1USO, 1PWM, 1Z8A, 2PZN,
3U2C, 1Z3N and 1T41. The cross-docking experiment, using “XP
mode of Glide” docking program [34,35], was performed with all

AA test/ min xTotal volume of assay mixture

(6.2 M, extinction coefficient of NADPH at 340 nm) x Volume of enzyme taken for analysis

The percentage inhibition of all compounds was calculated by
considering 100% ALR2 activity in the absence of inhibitor. The con-
centration of each test compound giving 50% inhibition (IC5¢) was
determined by plotting log concentration of test compounds versus
percentage inhibition.

3. Results and discussion

3D-QSAR is a ligand based drug design method usually imple-
mented for lead optimization. This method basically depends upon
the alignment of congener molecules, and subsequent comparison
of their substitution pattern or functional moieties. The molecular
alignment of 46 studied flavone derivatives was achieved by the
docking analysis coupled with “MM-GBSA” ligand-protein com-
plex refinement, and thereafter the aligned bundle was utilized for
the generation of 3D-QSAR models. The selected 3D-QSAR model
was employed for the designing of new flavonoid congeners, which
were duly synthesized and evaluated for their ALR2 inhibitory
activity in vitro.

3.1. Cross-docking experiment: validation of active sites and the
selection of a reliable protein crystal structure for docking
simulations

Since no experimental 3D structure of protein ALR2 co-
crystallized with flavonoid molecule has been reported in the
protein data bank, the most reliable or appropriate crystal struc-
ture was selected based on cross-docking experiment [44]. In the
literature, several crystal structures of ALR2 co-crystallized with
small molecule inhibitors have been reported. Thus, to narrow
down this limit, top seven crystal structures were considered for
the analysis based on their resolution and crystal ligand diversity.

seven crystal structures, and the results showed the least average
RMSD value of 1.27 A for protein structure 1USO (Table 2). This
analysis showed that the crystal structure 1USO is capable of repro-
ducing the native crystal conformations of re-docked seven crystal
ligands with minimum all atom deviation as compared to other
protein crystal structures. Therefore, it was hypothesized that in
the absence of 3D structure co-crystallized with flavone molecules,
1USO would produce precise docking poses of the studied flavone
derivatives since it can significantly reproduce the native crystal
structures of the experimentally determined seven crystal ligands.

3.2. Molecular alignment: docking analysis and MM-GBSA
ligand-protein complex refinement

3D-QSAR analysis is alignment sensitive method, and appro-
priate alignment of congeneric molecules is prerequisite for this
analysis. Therefore, docking based alignment was derived using

Fig. 5. Alignment bundle of ALR2 inhibitors used for atom-based 3D-QSAR.
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Fig. 6. 2D representation of the docking interactions of molecule 1 within the active
site of protein ALR2 (PDB ID 1USO0).
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Fig.7. The correlation graph between experimental and predicted activities of train-
ing and test set molecules from selected atom-based 3D-QSAR model (QSARy).

protein crystal structure 1USO, which is selected from cross-
docking validation protocol. For this purpose, 46 studied molecules
were docked into the active site of 1USO using “XP mode of Glide”
docking program. The docked poses of all molecules were analyzed,
and the best pose of each molecule was subsequently selected
based on Glide score and manual inspection [57].

“Glide” docking program perform constrained docking of lig-
ands, in which only ligand molecule is allowed to undergo
conformational changes while the protein molecule is kept con-

stant. Contrary to this, protein molecules, at the molecular level,
are highly flexible and their active site amino acid residues
undergo conformational changes upon ligand binding. Thus, in the
constrained docking of “Glide” program, crucial conformational
changes in the active site of protein would remain intact that
could assist the good complementary fit of docking ligand with
protein [44,57-59]. In the light of this, “Glide” docking obtained
protein-ligand complexes were refined in the “Prime” program
using “MM-GBSA” method. Additionally, “MM-GBSA” calculates
binding free energy of ligands that can be correlated with the
activity to check the goodness of refined conformations. After “MM-
GBSA” refinement of protein-ligand complexes, the correlation
between the activity and the free energy of binding was observed to
be 0.70 (R?) which described the significant binding conformations
of the studied molecules (Fig. 4). Thereafter, the studied molecules
were isolated from “MM-GBSA” refined ligand-protein complexes,
and the obtained molecular alignment (Fig. 5) was utilized for the
generation of 3D-QSAR models. The “MM-GBSA” refined pose of the
highest active molecule 1 within the active site of 1USO is displayed
in Fig. 6. In this figure, molecule 1 showed a network of hydrogen
bonding interactions enabling its efficient binding within the active
site of protein ALR2. In this molecule, the OH group present at the
5th position showed two hydrogen bonding interactions with Val47
and Trp20, the ‘O’ of the methoxy group at 3™ position showed the
hydrogen bond with Trp111 and the phenyl ring substituted at the
2nd position showed the -1t interactions with Trp111.

3.3. Generation of the atom-based 3D-QSAR model and its
validation

The aligned bundle of studied 46 flavones was imported into
“PHASE” program for the generation of 3D-QSAR models. “PHASE”
includes two options for the generation of 3D-QSAR models
named as atom- and pharmacophore based [49,50]. The difference
between these two is whether all atoms or only the pharmacophore
sites of the molecules are considered. The choice of which type of
model to create depends largely on whether or not the training
set molecules are sufficiently rigid and congeneric. If the structure
contains a relatively small number of rotatable bonds and some
common structural framework, then an atom-based model may
work quite well. Our data set is congeneric, i.e. flavone derivatives;
thus atom-based approach of “PHASE” was employed to generate
3D-QSAR model. The total data set was randomly divided into train-
ing and test set, of 29 and 17 molecules, respectively, ensuring the
uniform distribution of biological activity and structural variation
into both sets. The selected training set was then utilized for the
generation of an atom based 3D-QSAR models. The best model was
selected corresponding to PLS factor 4 based on the highest value of
Q2 (0.81). The selected model also exhibited high values of R2._.
(0.96), F (130.90) and low SD (0.26). The statistical results of the
selected 3D-QSAR model (QSAR4) are depicted in Table 3, and the
predicted activity of training set molecules using this model is men-
tioned in Table 4. The correlation graph between the experimental

Table 3

Statistical results of the generated atom-based 3D-QSAR models.
Model PLS factor SD Rf_ F-value RSME 2 Pearson-r

rain est

QSAR; 1 0.57 0.76 82.20 0.71 0.67 0.87
QSAR; 2 0.39 0.89 105.10 0.63 0.74 0.89
QSAR; 3 0.33 0.93 105.60 0.57 0.79 0.92
QSAR4 4 0.26 0.96 130.90 0.55 0.81 0.92
QSARs 5 0.23 0.97 137.70 0.56 0.78 0.91

SD, Standard deviation; Rfmn, coefficient of determination for training set molecules; F-value, Fisher test; RMSE, root means squared error; Q2_,, coefficient of determination
for test set molecules; Pearson-r, Pearson coefficient of correlation for test set molecules.

Bold selection depicts the selected 3D-QSAR model.

est’
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Table 4
Dataset of molecules used for generation of atom based 3D-QSAR model and their
corresponding predicted activity values based on the selected model (QSAR).

Sr. No. Biological Activity (pICsg)
Experimental Predicted
1 7.55 7.38
2 7.47 7.69
34 7.41 7.33
4 7.35 7.36
53 7.24 7.14
6 7.19 6.95
7¢ 7.13 6.58
8 7.11 7.25
9 6.92 7.03
10° 6.85 6.63
11 6.79 6.82
12 6.79 6.91
13 6.77 6.78
14 6.69 6.77
157 6.77 6.72
16% 6.64 5.87
17 6.62 6.35
18 6.57 6.62
192 6.55 6.87
20 6.55 6.59
212 6.52 6.58
22 6.52 6.61
23 6.46 6.40
242 6.39 6.12
25 6.27 6.17
26 6.09 6.14
27 6.07 5.78
282 5.92 5.99
29 5.92 535
30 5.85 5.90
31 5.35 5.52
32? 5.20 5.29
33 5.17 4.97
34 5.14 5.07
35 5.09 5.45
36° 5.08 532
37 4.34 5.26
38 3.96 4.74
392 3.54 3.65
40 3.50 3.40
41 3.00 3.12
422 3.00 4.70
43 5.78 5.5
442 5.64 5.93
45 5.28 5.06
46 6.46 6.13

2 Test set molecules.

and predicted activities of training set molecules is displayed in
Fig. 7.

The external validation of the selected model was performed by
calculating Pearson-r for the test set molecules, which displayed
significantly good value of 0.92. The correlation graph between

Table 5
Applicability domain for test set molecules of atom-based 3D-QSAR model.

experimental and predicted activities of the test set molecules is
displayed in Fig. 7. Further, the external predictive reliability of the
selected model QSAR,4 was also checked by calculating k (1.01), k/
(0.99), Ry2 (0.98) and R62 (0.98), which all displayed acceptable val-
ues [52]. To check the predictive reliability of the selected model for
new molecules, “APD” calculation was done, in which the similarity
distances of test set molecules were well within the threshold range
of model, i.e. “APD” of training set (Table 5). Further, the cross vali-
dated parameter i.e. ‘leave group out’ was calculated that showed a
value of RZ, i.e. 0.65 depicting good predictive power of the gener-
ated model. The robustness of the selected model was analyzed by
performing “Y-randomization” test, which displayed lower value
of R .. (0.88) as compared to the original value of RZ .
(0.96). Finally, the contour plots of different properties including
hydrophobic, hydrogen bonding donor and electron withdrawing
property were generated for the selected model QSAR4 (Fig. 8).

3.4. Designing of congener molecules: synthesis and biological
evaluation

The contour maps were analyzed and the information revealed
from them was duly utilized for the designing of new five con-
gener molecules keeping in mind about their synthetic possibility.
In Fig. 8A, the Hydrogen Bond Donor (HBD) substitution favourable
blue contours are present close to the 7th position of the flavone
ring while unfavourable red contours are present at the 5th
position of the same ring. Contrary to this, in the docking simu-
lation (Fig. 6), the OH present at the 5th position of the highest
active molecule displayed H-bonding interactions. Moreover, the
hydrophobic unfavourable red contours are also located near to
the 4’-position of the highest active molecule (Fig. 8B). Thus, two
molecules, 5a and 5b, were designed based on these observations.
In both molecules, 4’ position was kept un-substituted, and for
molecule 5a, only 7th position was substituted with OH group while
for molecule 5b, 7th and 5th, both positions were substituted with
OH groups. In Fig. 8C, the electron withdrawing atoms favourable
blue contours are located near to the 4’ (para) position of the
highest active molecule, thus based on synthetic possibility, three
molecules were designed substituting with electron withdrawing
atom bearing groups at this positions, i.e. NO,, Cl and F (Table 6).
These designed five molecules that qualified the APD (Table 6)
were duly synthesized as per the synthetic protocol described
in Scheme 1. After synthesis, these molecules were tested for
their biological activity against ALR2, and all molecules displayed
good micromole activity (ICs5g <22 wM) (Table 6) which are within
one log unit of their predicted activity. The graph displaying the
predicted and experimental activities of the designed molecules is
mentioned in Fig. 9.

The docking study of the highest active compound, i.e. 5d with
hydrophobic atoms, i.e. Cl at the para position of ring B was carried
out. During docking analysis the ring B substituted with Cl atom

Compound Distance (APD =3.359) Compound Distance (APD =3.359)
3 1.732 24 2.000
5 2.236 27 1.732
7 2.449 28 1.732

10 2.236 32 2.449

15 1.732 36 2.000

16 2.449 37 2.000

19 2.236 39 2.828

21 2.236 42 1.732

44 1.414




Table 6

Molecular structures, APD values, and predicted and experimental activities of the designed ALR2 inhibitors.

Compound code Molecular structure APD (3.359) pICso ? Exp. IC50 (M)
Predicted Experimental
HO. (o) O
5a O | 2.24 5.08 4.81 15.60
O
HO. O O
5b O | 2.24 5.21 4.67 21.60
OH O
o 1
5¢ O | 2.45 5.47 4.99 10.10
o
Cl
o 1
5d O | 2.45 4.50 5.27 5.40
(0]
F
o 1
5e O | 2.83 4.56 5.00 10.00
(e}
Standard Epalrestat - - 7.14 0.07

2 —logICso; where ICsq represents the dose of compound in mole required to produce 50% inhibition of Aldose Reductase enzyme.
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(B)

Fig. 8. Contour plots for different properties corresponding to QSAR4 model: Hydrogen bond donor (A), hydrophobic (B), electron withdrawing (C). In all plots the highest
active molecule 1 (purple) and least active molecule 41 (green) are displayed in background. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

. @Predicted N Experimental

plICs, Value

5a 5b 5¢ 5d 5e
Compounds

Fig. 9. The graphical representation of the experimental and predicted activity of
compounds (5a-e).

His110

Tyr309

Phel22

Fig. 10. The docking interactions of highest active molecule 5d within the active
site of protein ALR2 (PDB 1USO0).

was found to interact with hydrophobic pocket of ALR2 lined by
Trp111, Phe122 and Leu300 amino acid residues. Additionally, the
‘0’ of carbonyl group of flavone ring forms hydrogen bonding with
His110 and Tyr48 amino acids (Fig. 10).

4. Conclusions

A highly predictive and statistically validated 3D-QSAR model
(QSAR4) was developed for 46 studied flavonoid inhibitors
of ALR2, and subsequently utilized for the designing of new
congener molecules. 3D-QSAR model was developed using
“Prime MM-GBSA” refined alignment of “Glide-XP” docking
poses of all studied molecules. The selected model showed
high internal and external validation, reliability in terms of
Pearson-r, “APD”, “Y-randomization”, k, k', Ry? and sz val-
ues. The contour plots of the different properties obtained
from the selected model helped to extract out the essential
structural requirements of the flavonoid molecules that are
required for ALR2 activity. Furthermore, using this revealed
information; five new congener molecules were designed and
duly synthesized. All five molecules showed good in vitro
inhibitory activity (<22 wM) against ALR2, and consequently they
could be employed for the management of diabetic complica-
tions.
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