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Abstract:  The enzyme α-amylase belongs to the highly conserved glycoside hydrolase family which is
regarded as a good target for the discovery of antidiabetic agents. Following a 3D-QSAR study on forty-five
2-aryl  benzimidazole derivatives which have been reported as potential  insulin-independent antidiabetic
agents.  The results  revealed that the CoMFA values were found to be 0.696 and 0.860 for Q2 and R2

respectively; while for the CoMSIA, the Q2  and R2  values were found to be 0.514 and 0.852 respectively.
Both models were derived from a training set of thirty-seven compounds based on an appropriate method
of alignment, while the predictive ability was approved by a test set containing eight compounds with r ext

2

values of 0.990 and 0.987, respectively. Moreover, the contour maps generated from CoMFA and CoMSIA
models  provided  much helpful  information to  figure  out  the  structural  requirements  that  influence the
activity. To further reinforce the 3D-QSAR results, the molecular docking method was implemented which
led to the design of new potential insulin-independent antidiabetic compounds with high predicted activity
values.
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INTRODUCTION

Diabetes  mellitus  (DM)  is  a  chronic  metabolic
syndrome  of  multiple  etiology  characterized  by
hyperglycemia as its initial  symptoms and glucose
intolerance.  The  disease  can  be  simply  classified
into  insulin  secretion  (type 1  diabetes)  or  insulin
action  (type  2  diabetes)  (1,2).  The  digestive
enzyme,  α-Amylase,  is  the  main form of  amylase
belonging to the family of glycoside hydrolases and
found principally in pancreatic fluid and saliva. It is
responsible  for  the  biosynthesis  of  glycoproteins
with  an  important  role  in  the  digestion  of
carbohydrate  in  the  small  intestine.  Acute  renal
necrosis,  cancer  of  urinary bladder,  and  active
pyelonephritis  are  some  urinary  disorders  and
causes  due  to  increasing  the  level  of  this

enzyme(3). The glycoside hydrolases family can be
isolated  from  many  organisms  including  humans
(4), animals (5,6), plants (7), and bacteria (8). 

Benzimidazoles  are  a  class  of  heterocyclic
compounds  that  attracts  much  attention  as
promising  bioactive  molecules.  Furthermore,
benzimidazole  is  one  of  the  privileged
pharmacophores in drug discovery acting as a good
ligand towards the transition metal ions using the
nitrogen  atom  (9).  This  is  due  to  their  various
reported  anti-tumor  (10),  anti-fungal  (11),  anti-
inflammatory  (12),  antiviral  (13),  anti-ulcerative
(14), and antimicrobial activities (15). 

The structural parameters along with the application
of  the  3D-QSAR  modeling  and  molecular  docking
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methods have proved to be a promising avenue for
structure-based  drug  design  that  can  provide
quantitative  forecasts  of  activity  and  predict  the
activity of new organic compounds with a lowered
economic investment costs  (16). The current study
aimed  to  explore  the  3D-QSAR  and  molecular
docking  approaches  (17) on  a  series  of
benzimidazole  derivatives  against  α-amylase  in
order  to  develop  a  correlation  between  their
inhibitory  activities  and  structural  characteristics.
This  would  eventually  facilitate  the  design  and
optimization  of  new potential  α-amylase  inhibitors
with potent activities.

MATERIALS AND METHODS

Dataset
A set of forty-five compounds with their reported α-
amylase inhibition activities, IC50 was obtained from
the  literature  (18).  And  the  corresponding  IC50

values  (uM) were  converted  into  the  pIC50 values
(Table 1). The dataset was split into the training set
(37 molecules) and test set (8 molecules). Both sets
were selected at random to create the quantitative
model.

Figure 1. The structural template of the benzimidazole derivatives, 1-45.

Table 1. IC50 values of the reported 2-Aryl benzimidazole derivatives against α-amylase.
Training/

Test
Comp. R1 R2 R3 pIC50

Test 1* H H 2-Cl-3-OCH3 5.562
Test 2* H H 2-OH-3-OCH3-6-Br 5.605

Training 3 H H 3,4-diOCH3-6-Br 5.821
Training 4 H H 2-OH-3-Br-5-Cl 5.555
Training 5 CH3 CH3 3,6-diOH 5.524
Training 6 CH3 CH3 4-OCH3-6-F 5.555
Training 7 CH3 CH3 5-OCH3-6-Cl 5.546
Training 8 CH3 CH3 4,5,6-triOCH3 5.638

Test 9* CH3 CH3 2-OH-3-OCH3-6-Br 5.585
Training 10 CH3 CH3 3,4-diOCH3-6-Br 5.829
Training 11 CH3 CH3 3,5-diOCH3-4-Br 5.790
Training 12 CH3 CH3 3-I-4-OH-5-OCH3 5.751
Training 13 CH3 CH3 3-Cl-5-Br-6-OH 5.530
Training 14 CH3 CH3 3,5-diCl-6-OH 5.520
Training 15 H F 4,6-diOH 5.520
Training 16 H F 4-OCH3-6-F 5.790

Test 17* H F 2-OCH3-5-Br 5.585
Test 18* H F 5-OCH3-6-Cl 5.580

Training 19 H F 4-OAc-5-OCH3 5.770
Training 20 H F 4,5,6-triOH 5.595
Training 21 H F 3,5-diOCH3-4-OH 5.603
Training 22 H F 2-OH-3-OCH3-6-Br 5.663
Training 23 H F 3,4-diOCH3-6-Br 5.804
Training 24 H F 4,5-diOCH3-6-Cl 5.591
Training 25 H F 3,5-diCl-6-OH 5.542
Training 26 H F 3-Cl-5-Br-6-OH 5.543
Training 27 H Cl 4-OAc-5-OCH3 5.774
Training 28 H Cl 5-OCH3-6-Cl 5.555
Training 29 H Cl 2-OCH3-5-Br 5.581

Test 30* H Cl 4-OCH3-6-F 5.562
Training 31 H Cl 3,4-diOCH3-6-Br 5.761
Training 32 H Cl 3-I-4-OH-5-OCH3 5.793

Test 33* H Cl 3-Cl-5-Br-6-OH 5.543
Training 34 H Cl 4,5-diOCH3-6-Cl 5.821
Training 35 H Cl 3,5-diOCH3-4-Br 5.790
Training 36 H Cl 2-Br-5-OCH3-6-OH 5.655
Training 37 H Cl 3,5-diOCH3-4-OH 5.598
Training 38 H NO2 4-OAc-5-OCH3 5.761
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Training/
Test

Comp. R1 R2 R3 pIC50

Training 39 H NO2 4-OCH3-6-F 5.560
Training 40 H NO2 5-OCH3-6-Cl 5.556
Training 41 H NO2 2-Br-5-OCH3-6-OH 5.640
Training 42 H NO2 3,4-diOCH3-6-Br 5.749
Training 43 H NO2 3-I-4-OH-5-OCH3 5.764
Training 44 H NO2 3-Cl-5-Br-6-OH 5.542

Test 45* H NO2 2-F-5-Br 5.634

Molecular modeling
The  studied  molecules  were  constructed  and
minimized using the SKETCH option in SYBYL-X 2.0
program package (19) running on a windows 10, 64
bit  workstation/ASUS,  under  the  Tripos  standard
force field (20) with Gasteiger-Hückel atomic partial
charges  (21) by  the  Powell  method  with  a
convergence  criterion  of  0.01  kcal/mol  Å.  Sybyl
program provides a molecular design environment
to identify, predict and analyze molecular behavior.

Molecular alignment
Molecular alignment aims to build an efficiency of
the 3D-QSAR models. The studied molecules were
stratified on the common core; 2-aryl benzimidazole
using the simple alignment protocol in Sybyl  (22).
Compound  10 was  selected  as  a  representative
template for superimposing structures as shown in
Figure 2.  

Aligned compounds common core

Figure 2. 3D-QSAR aligned molecules using compound 10 as a template.

3D QSAR analyses 
On the basis of molecular alignment protocol which
is considered as one of the most crucial factors that
affects  the  accuracy  of  3D-QSAR  models,
comparative molecular field analysis (CoMFA)  (23)
and  comparative  molecular  similarity  indices
analysis (CoMSIA)  (24) models were developed to
derive  a  linear  relationship  between  the  obtained
QSAR  models  and  α-amylase  enzyme  inhibitory
activities. 3D-QSAR study was performed with the
default  parameters;  the  minimum sigma  (column
filtering) is set to 2.0 kcal/mol and the energy cutoff
values of 30 kcal/mol (25). 

The partial  least squares (PLS) regression method
was adopted to derive 3D-QSAR models (26). Hence
the  PLS  with  leave-one-out  cross-validation  was
implemented  to  produce  the  coefficient  of  cross-
validation correlation (Q2) with an optimum number
of  components  (N).  And  the  non-cross  validation
was  carried  out  to  get  the  correlation  coefficient
(R2),  F-test  value  (F)  and  the  standard  error  of
estimate (SEE). Consequently, the best QSAR model
is selected based on the high Q2 value (Q2> 0.50)
and  R2  value  (R2>  0.60),  an  optimal  number  of
component  values,  and  low  standard  error
estimation  (SEE).  Furthermore,  the  external

validation was performed to evaluate the sturdiness
of  the  generated  3D-QSAR  models  using  eight
molecules as a test set. Where the best value of rext

2

> 0.6 indicated that the predictive power of derived
QSAR model was good (27).

Molecular Docking
The docking was carried out to further explore the
binding interactions of the molecules in the active
site  of  the  α-amylase  enzyme  and  confirm  the
contour  maps  results  of  CoMFA  as  well  as  the
CoMSIA  using  the  Surflex-Docking  method  (19).
Further, the results were analyzed using PyMol (28)
and  Discovery  studio  2016  softwares  (29).  The
crystal  structure  of  the  α-amylase  enzyme  (PDB
code: 1HNY) with the co-crystallized ligand removed
was  utilized  for  this  study.  Using  the  Discovery
Studio  2016,  the  protein  was  prepared  by  the
addition of  polar  hydrogens and Kohlman charges
while  removing  water  molecules  from  the  1HNY
receptor.  The  3D  structure  of  the  representative
compound  10 was  geometrically  optimized  and
energetically  minimized  using  default  parameters
and consequently docked into the active site of the
α-amylase enzyme. 
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Y-Randomization test
The Y-Randomization test was performed to value
the  vigor  of  both  models  (30),  and the  inhibition
activities  (-logIC50)  were  shuffled  many  times.  A
new  3D-QSAR  model  was  is  generated  for  each
iteration. Besides, the low Q2 and R2 values pointed
out  that  the  results  were  not  due  to  a  chance
correlation.

RESULTS AND DISCUSSION 

3D-QSAR
Based on the 3D-QSAR modeling, it appeared that
the models might play substantial roles in predicting
new potent insulin-independent antidiabetic agents
as contained in the summary of PLS analyses (Table
2). Obviously, for the CoMFA model, the coefficient
of cross-validated, Q2 value was 0.696 with 2 as the
optimized component, N. While the R2, SEE and F-

test  values  were  0.860,  0.041  and  104.72,
respectively. It thus implied that the high Q2, R2 and
F values along with low SEE value, suggest a good
statistical  correlation  and  reasonable  predictive
capability of the obtained models. Furthermore, the
high  rext

2 (0.990)  value  of  the  external  validation
exhibits  a  high  level  of  reliability  in  the  current
study.  Similarly,  the ratio of steric to electrostatic
contributions were set at 51:49, which means that
both fields are much explanatory.
 
The  most  accurate  CoMSIA  model  which  involved
the  steric,  electrostatic,  hydrophobic,  H-bond
acceptor and donor fields showed Q2, N, R2, SEE, and
F  values  of  0.514,  3,  0.852,  0.042  119.904
respectively.  The  rext

2 value  obtained  was  0.987
which approved the prediction ability of the obtained
model.  The experimental  and predicted pIC50 are
shown in Table 3.

Table 2. PLS statistical parameters.
Model Q2 R2 SEE F N rext

2 Fractions

Ster Elect Hyd Acc Don
CoMFA 0.696 0.860 0.041 104.72 2 0.990 0.514 0.486 - -
CoMSIA 0.514 0.852 0.042 63.55 3 0.987 0.084 0.471 0.229 0.138 0.077

Table 3. Experimental and predicted pIC50 of forty-five benzimidazole derivatives (*:test set )
Comp. Experimental

pIC50

predicted pIC50 Comp. Experimental
pIC50

predicted pIC50

CoMFA CoMSIA CoMFA CoMSIA

1* 5.562 5.559 5.558 22 5.663 5.663 5.653

2* 5.605 5.647 5.645 23 5.804 5.846 5.847

3 5.821 5.861 5.858 24 5.591 5.655 5.658

4 5.555 5.563 5.562 25 5.542 5.574 5.574

5 5.524 5.493 5.493 26 5.543 5.578 5.578

6 5.555 5.634 5.630 27 5.774 5.751 5.752

7 5.546 5.541 5.542 28 5.555 5.588 5.587

8 5.638 5.664 5.659 29 5.581 5.553 5.549

9* 5.585 5.568 5.601 30* 5.562 5.557 5.557

10 5.829 5.817 5.816 31 5.761 5.755 5.758

11 5.790 5.755 5.756 32 5.793 5.760 5.760

12 5.751 5.714 5.713 33* 5.543 5.586 5.586

13 5.530 5.523 5.525 34 5.821 5.721 5.716

14 5.520 5.521 5.521 35 5.790 5.738 5.740

15 5.520 5.518 5.521 36 5.655 5.663 5.658

16 5.790 5.685 5.684 37 5.598 5.693 5.695

17* 5.585 5.544 5.541 38 5.761 5.736 5.739

18* 5.580 5.578 5.570 39 5.560 5.655 5.6657

19 5.770 5.749 5.750 40 5.556 5.556 5.557

20 5.595 5.513 5.517 41 5.640 5.56 5.655

21 5.603 5.688 5.686 42 5.749 5.715 5.720

43 5.764 5.726 5.727

44 5.542 5.493 5.557

45* 5.634 5.616 5.617
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Interpretation of graphical contours
The  graphical  contour  maps  were  created  to
visualize areas where the activity can be increased
or decreased. Figures 3 and 4 show the CoMFA and
CoMSIA contour maps respectively for compound 10
as a representative molecule. 

CoMFA contour maps
The electrostatic fields are presented with red (20%
contribution) and blue (80% contribution) contours,
while  the  steric  fields  are  presented  with  green
(80% contribution)  and yellow (20% contribution)
contours.  The  bulky  substituents  are  preferred
around  green  areas,  whereas  yellow  areas’  bulky
substituents are not preferred (Figure 3).

As  depicted  in  Figure  3,  a  relatively  big  yellow
contour  was  observed  around  the  phenyl  group
which could be favored to activity while the small-
sized  green  contour  around  the  C-3  position
indicated that less bulky group at this position would

not be favorable for increasing the activity,  which
could be demonstrated by compounds  4,  13,  14,
25,  26,  33 and  44. For example, the compounds
13 (pIC50 = 5.530) and  14 (pIC50 = 5.520),  with
halogens  at  the  3  and  5  positions  of  the  phenyl
moiety,  showed  low  activities  than  that  of
compound  10 (pIC50 =  5.829),  with  OCH3  and  H
groups at the same positions, respectively. 

Moreover, figure 3 revealed that that phenyl group
with  the  electropositive  substituents  may increase
the activity around the blue contours. As such three
major space-favorable blue regions were distributed
around the ortho,  meta and para positions of the
phenyl  ring.  This  indicated  that  the  existence  of
these electron donor groups at these positions could
increase the activity. Therefore, electropositive and
less  bulky  groups  are  required  at  these  positions
which could easily reach the binding pocket in the
enzyme  active  sites  and  present  high  α-amylase
inhibition affinity.

A B

Figure 3. Analysis of CoMFA contour maps. (A) Steric field; (B) Electrostatic field.

CoMSIA contour map
The  CoMSIA  contour  maps  for  the  steric  and
electrostatic fields were found to be similar to the
corresponding  CoMFA  fields.  Therefore,  the  focus
was  directed  towards  the  remaining  parameters.
Hence according to the CoMSIA fractions presented
in  Table  2,  the  electrostatic  (0.471);  H-bond
acceptor  (0.138);  and  hydrophobic  fields  (0.229)
were  found  to  be  the  major  fields  that  could
describe the activity.

The contour map for the hydrophobic field (Figure
4(a))  is  depicted  in  yellow  domains  (80%
contribution) and white domains (20% contribution)
in which hydrophobic substituents are predicted to
enhance the biological  activity  in  yellow contours,
whereas in white domain, hydrophobic groups were
not  favored.  The  yellow  contour  near  the  ortho
position of  the phenyl group brought to light that
the hydrophobicity could play a crucial role in the
activity. For example, compound 23 (pIC50 = 5.804)
with a –Br group at the C-2, which is falls within the

yellow contours, exhibited higher activity than those
with no hydrophilic groups such as; compounds 15
(pIC50 = 5.520) and 26 (pIC50 = 5.542), which lead
into  increase  of  activity.  Moreover,  two  white
contours  near  the  C-3  and  C-5  positions  of  the
phenyl  group  pointed  that  the  presence  of  a
hydrophobic group especially halogens in this region
may not be beneficial to the biological activity. For
instance,  compounds  4 (pIC50 =  5.555)  and  33
(pIC50 = 5.543) with halogens groups at C-3 and C-
5  position  of  the  phenyl  moiety  exhibit  lowest
activities than that of the corresponding compound
10 (pIC50 = 5.829).

The CoMSIA hydrogen bond acceptor  field  (Figure
4(b)), is  displayed in magenta (80% contribution)
and red (20% contribution) contours, representing
favorable  and  unfavorable  positions  for  H-bond
acceptors respectively. A relatively big red contour
was observed around C-2, C-3 and C-4 positions of
the phenyl  group which has been proven to  be a
disadvantage to activity due to the existence of H-
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bond acceptor  substituent  at  one or  two of  these
positions.  Whereas,  the  magenta  contour  around
the C-5 position of the phenyl moiety is crucial for
significant  inhibitory  activity.  These  characteristics
may explain significant α-amylase inhibitory activity
for  compounds with  no  hydrogen  bond  acceptor
groups such as; compound  11 and compound  10,
respectively.  For  instance,  compound  11 (pIC50 =
5.790)  without any substituent  and compound  10
(pIC50 = 5.829) with a -Br showed high activities.

In the contour map of H-bond donor field, as shown
in Figure 4(c), the cyan (80% contribution) and the
purple (20% contribution) contours represent areas
with  favorable  and  unfavorable  H-bond  donor
groups  respectively.  A  big-sized  cyan  contour  is
found  around  the  phenyl  ring,  indicating  that  H-
bond donor substituents in this area are predicted to
enhance biological activity.

Y-randomization test
Table 4 shows the results of seven random shuffles 
for the Y-randomization test. For every iteration, a 
set of Q2 and R2 of new QSAR models is generated. 

As a result, the Q2 and R2 values were low. Thus 
allowing to conclude that the probability of random 
correlations was excluded.

Table 4. Q2 and R2 values of the Y-randomization test.
Iteration CoMFA CoMSIA

Q2 R2 Q2 R2

1 0.082 0.128 0.048 0.134

2 0.125 0.317 0.121 0.242

3 0.199 0.421 0.178 0.391

4 0.167 0.360 0.142 0.308

5 -0.214 0.248 -0.199 0.195

6 0.099 0.126 0.092 0.102

7 0.137 0.301 0.129 0.284

Molecular docking
To  reinforce  the  3D-QSAR  results,  the  molecular
docking  technique  was  applied  to  investigate  the
different interactions of benzimidazole derivatives in
the active site of α-amylase (PDB code: 1HNY) using
the Surflex program. The potent compounds were
found to be those that contain ortho Cl or Br atom,
para and meta methoxy groups on the phenyl ring
which  could  be  responsible  for  these  compounds’
inhibitory  activity.  As  depicted  in  Figure  5,  the
representative  compound  10 which  is  originally
reported  to  be  the  most  effective  compound was
docked in the α-amylase enzyme active site.  This
enabled the understanding of the hydrophobic and

H-bond  interactions  between  the  active  molecule
and 1HNY receptor. 

The blue and pink colors around C-2, C-3 and C-4
positions  of  the  phenyl  ring  indicated  that
substituents with hydrophilic character and H-bond
donor  substituents  are  favored in  these positions.
The R1 and R2 substituents were found in the brown
area  which  implied  that  the  groups  with  the
hydrophobic characters at these positons would be
favored.  The  observations  obtained  from  the
hydrophobicity  and  H-bond  surfaces  are  in
agreement with the contour maps of CoMSIA model.
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A B

C

Figure 4. Analysis of CoMSIA contour maps. (A) Hydrophobic field; (B) H-bond acceptor field; (C) H-bond
donor field

Figure 5. The docking pose of the active molecule and 1HNY receptor.
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SAR summarized results
Figure 6 summarized the information derived from
the 3D contour maps that satisfactorily matched the

results of molecular docking, which could be much
helpful  to  propose  new  molecules  with  high
predictive activities. 

Figure 6. SAR-summarized results from the present work.

Newly designed compounds 
Based  on  the  information  obtained  from  the  3D
contour maps and molecular  docking studies,  five
new  2-aryl-benzimidazole  derivatives  which
exhibited  high  pIC50 values  were  designed.  The
newly predicted compounds A1, A2, A3, A4 and A5

showed  exceptionally  improved  inhibitory  activity
and higher total score (binding affinities) than that
of  compound 10 for  both  models,  indicating their
potential as new α-amylase inhibitors as shown in
Table 5.

Figure 7. The structural template of the newly designed molecules.

Table 5. The pIC50 values of newly designed 2-arylbenzimidazole derivatives as α-amylase inhibitors.
N° R Predicted pIC50 Total

CoMFA CoMSIA scoring
Comp 10 

A1
3,4-diOCH3-6-Br
2-OH-3-NHCH3

5.817
6.353

5.816
6.340

1.7149
3.2841

A2 2-NH2-3-OH 6.326 6.325 3.2719
A3 2,3,6-triOH 6.299 6.297 3.2722
A4 2-OH-3-NH2 6.092 6.101 2.9940
A5 2,4,6-triNH2 6.052 6.076 2.9866

CONCLUSION 

The  current  study  has  provided  some  valuable
information on the design of new potential insulin-
independent  antidiabetic  agents.  This  has  been
achieved  through  investigating  forty-five
benzimidazole  derivatives  retrieved  from  the
literature  by  molecular  docking  and  3D-QSAR
studies.  Graphical  analyses  of  the  optimal  results
obtained from the contour maps brought to light the

main structural requirements that may influence the
activity. Moreover, the molecular docking analyses
matched  well  with  the  results  obtained  from  the
contour maps which led to the design of five potent
insulin-independent  antidiabetic  molecules  and
successfully  predicted  their  α-amylase  inhibitory
activities.
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