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 Abstract: Introduction: Carboxyalkyl flavonoids derivatives are considered as effective inhibitors 
in reducing post-prandial hyperglycaemia.  

Methods: Combined with Density Functional Theory (DFT) and the theory of Atoms in Molecules 
(AIM), molecular docking and charge density analysis are carried out to understand the molecular flexi-
bility, charge density distribution and the electrostatic properties of these carboxyalkyl derivatives.  

Results: Results show that the electron density of the chemical bond C14-O17 on B ring of mole-
cule II increases while O17-H18 decreases at the active site, suggesting the existence of weak non-
covalent interactions, most prominent of which are H-bonding and electrostatic interaction. When 
hydroxyl groups are introduced, the highest positive electrostatic potentials are distributed near the 
B ring hydroxyl hydrogen atom and the carboxyl hydrogen atom on the A ring. It was reported that 
quercetin has a considerably inhibitory activity to S. cerevisiae α-glucosidase, from the binding affini-
ties, it is suggested that the position and number of hydroxyl groups on the B and C rings are also piv-
otal to the hypoglycemic activity when the long carboxyalkyl group is introduced into the A ring.  

Conclusion: It is concluded that the presence of three well-defined zones in the structure, both hy-
drophobicity alkyl, hydrophilicity carboxyl and hydroxyl groups are necessary.  
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1. INTRODUCTION 

Diabetes mellitus is considered a paradigm of a 21st-
century chronic disease. Actually, the treatment is signifi-
cantly dependent on the patients’ lifestyle and self- manage-
ment behaviors. Gestational diabetes becomes a major public 
health concern, because its rate is increasing quickly world-
wide [1]. WHO proposed that diabetes will be the 7th major 
disease responsible for most of the deaths by 2030. Insulin is 
considered to be the American Diabetes Association-
recommended first-line therapy and the only pharmacologic 
treatment approved by the US Food and Drug Administra-
tion. In addition, several categories of drugs, such as sul-
fonylureas, biguanides, thiazolidinediones, meglitinides and 
α-glucosidase inhibitors, are used for type 2 diabetes [2].  
 
 
*Address correspondence to this author at the Department of Life Sciences 
and Biological Engineering, Northwest Minzu University, Lanzhou 730124, 
P.R. China; E-mail: qiajiao@163.com  

Although good efficacies were received, however, some del-
eterious side effects are followed, such as liver toxicity and 
harmful gastrointestinal symptoms [3, 4].  

Due to the commonly used α-glucosidase inhibitors were 
reported to be associated with rare adverse hepatic events 
[5], these drugs have low efficacy and high IC50 values [6, 
7]. Therefore, much effort has been undertaken to search for 
more effective and safer inhibitors. Recently, new effective 
and safer inhibitors from natural products and their deriva-
tives have continued [8, 9]. Many flavonoids have shown 
some considerable inhibitory effects against α-glucosidase 
enzymes, such as morin [10], luteolin [11], baicalein [12], 
kaempferol [13] and apigenin [7]. From the structure-activity 
analysis of flavonoids, it can be concluded that the position 
and number of hydroxyl groups on B rings can affect the 
inhibitory activity towards the α-glucosidase [14]. However, 
due to the low solubility in both water and lipid, the clinical 
utilities of most flavonoids are limited [15, 16].  
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Various derivatives of flavonoids are thus produced in 
order to improve their biological activities or bioavailabili-
ties [17-19]. As an amphipathic group, carboxyl is always 
used to introduce into the molecules to improve their solubil-
ity in both water and lipid. It was reported that apigenin can 
increase its α-glucosidase inhibitory activities by coupling 
the carboxyalkyl group to the 7-position of the A ring, espe-
cially the long octanoic acid -(CH2)7 COOH group [20]. In 
fact, reports showed that many flavonoids connected with 
different hydroxyl groups have some inhibitory activity of α-
glucosidase [14-22]. In the present study, the inhibitory ac-
tivity and molecular interactions of four 7-carboxyalkyl fla-
vonoids derivatives (Fig. 1) with different hydroxyl groups 
on B rings are compared, In addition, the molecular flexibil-
ity, charge density distribution and the molecular Electrostat-
ic Potential (ESP) are also analyzed. Combined with quan-
tum chemical calculations [23], Bader’s theory of atoms [24] 
in molecules and molecular docking [25], the structure and 
property of inhibitors are revealed, which are important to 
design new carboxyalkyl flavonoids derivatives with en-
hanced efficiencies and lower toxicities. 

2. MATERIALS AND METHODS 

The geometry and energy of the molecules (I-IV) were 
optimized by using Gaussian 09 software [26]. Results indi-
cated that DFT-B3LYP calculations have afforded excellent 
agreement with experimental analysis [27-29]. Based on the 
B3LYP (6-311G (d, p) basis) method, the optimized geome-
tries were used for further analysis. In addition, tomasi's Po-
larized Continuum model (PCM) is employed in this text, 
which has emerged in the last two decades as the most effec-
tive tool to treat bulk solvent effects for both ground and 
excited states [30, 31]. By using the Multiwfn program, to-
pology analysis of electron density and the molecular elec-
trostatic potential surfaces in both forms were conducted 
[32]. The binding modes of molecules were detected by Au-
toDock 4.2 [33]. The docking grid box was set at 40 × 40 × 
40 points with a spacing value of 0.375 Å. Genetic Algo-
rithm with default settings was employed in the search pa-
rameter, the maximum number of evals was 2,500,000, and 
the number of runs was set at 100.  

Because the crystal structure for S. cerevisiae α-
glucosidase has not been available, the identity and similari-

ty between S. cerevisiae isomaltase and target α-glucosidase 
enzyme are 72% and 85%, respectively. Homology modeling 
was proposed by using the crystal structure of S.cerevisiae iso-
maltase as the template [34, 35]. By using PROCHECK, the 
final structure of α-glucosidase generated from homology mod-
eling was evaluated and suggested reliable results [36, 37]. It 
can be seen from the Ramachandran plot that 87.5% of residues 
of the final 3D structure lay in most favored regions (Supple-
mentary Fig. 1). The protein of the S. cerevisiae isomaltase 
(PDBID: 3A4A) was download from the PDB website 
(http://www.rcsb.org). Protein sequence for Baker's yeast α-
glucosidase (MAL12) was obtained from UniProt 
(http://www.uniprot.org). The developed structure was subject-
ed to energy minimization up to 0.05 RMS gradients, and then 
used for the purpose of molecular docking. 

Due to the lowest energy conformations from the dock-
ing study rarely represent bioactive conformations of ligands 
in the active site [38], 9 variables generated in the docking 
analysis were evaluated by chemometric techniques. Factors 
that can affect the bonding energies were:  binding_energy, 
ligand_efficiency, intermol_energy, vdw_hb_desolv_energy, 
electrostatic_energy, unbounded_energy, cluster_RMS (the 
root mean square difference rms between this individual and 
the seed for the cluster) and reference_RMS (the rms be-
tween the specified reference structure) (marked as 
VAR00001-9, respectively). Chemometric techniques based 
on the principal component analysis (PCA) were used in this 
study [39]. The principal components (Yi) are given by the 
linear combination of the original variables (Xi) Eq. (1) [40]. 
Now, the system can be investigated by three new compo-
nents (PC3, PC2 and PC1).  

T
iYi a X=                                                       (1) 

Usually, a well-known index of goodness of fit in multi-
variate data analysis is the percentage of explained variance 
by each PC (PC3, PC2 and PC1) for each molecule. 

3. RESULTS AND DISCUSSION 

3.1. Selection of the Molecular Conformations 

Using molecular docking procedure, system configura-
tions were generated. The lowest energy conformations can-
not be used to investigate the reaction mechanism and fur-

 
                                                                                                                  R1                 R2           R3        R4 

                                                                                Molecule I          (CH2)7COOH            H           H           H 

                                                                                Molecule II          (CH2)7COOH        H          OH         H 

                                                                                Molecule III         (CH2)7COOH       OH       OH         H 

                                                                                Molecule IV          (CH2)7COOH      OH       OH        OH 

Fig. (1). The planar structure of molecules I~IV. 
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ther quantum chemistry analysis [41], because they rarely 
represent bioactive conformations in the active site. In addi-
tion, in the absence of the bioactive conformation from ex-
perimental data, it is desirable that the elected conformation 
can represent the average structure for interaction between 
ligand and receptor. Thus, the chemometric techniques were 
usually used to select the active conformation by using the 
principal component analysis (PCA) [42, 43].  

In this text, these variables were evaluated in order to in-
vestigate the influence of the interaction energy values. As a 
result, the percentage of explained variance by each PC 
(PC1, PC2 and PC3) for molecule I, molecule II, molecule 
III and molecule IV are (55.6%, 13.9% and 11.8%), (59.6%, 
12.6% and 11.4%), (54.2%, 12.3% and 11.8%) and (50.0%, 
14.2% and 11.8%), respectively (Fig. 2). These values were 
regarded as well-known indexes of goodness of fit in multi-
variate data analysis. Based on the occupancy frequency, 
configurations that contribute less to the root-mean-square 
deviation of the interaction between ligand and receptor were 
proposed [43]. Fig. (3) displays the PCA results for the mol-
ecule I~IV with the presence of three principal components 
(81.3%, 83.6%, 78.3% and 76.0%, respectively). As a result, 
42, 50, 60 and 36 were elected for molecules I~IV in the 
active site for further quantum chemistry calculations, re-
spectively.  

3.2. Intermolecular Interactions 

Results indicated that the selected binding affinities for 
the four complexes are -7.21, -7.52, -6.64 and -6.66 kcal/mol 
for molecule I~IV, respectively. Besides the number of hy-
droxyl groups, it is shown that their position also plays an 
important role in the inhibitory activity. According to the 
literature [44], the inhibition is reported to be related to the 
binding modes and binding affinities of the small molecules 
to the enzyme. Key residues are also considered to be a sig-
nificant factor that can affect dynamical correlated motions, 
such as binding activities [45]. Nearest neighbors and short 
contact distances (Å) of the four flavones derivatives with 
the amino acid residues of S. cerevisiae α-glucosidase are 
shown in Table (1). It can be seen from Fig. (4), that the 
binding sites of the molecules are greatly consistent. Howev-
er, the directions of the molecules are different, among 
which molecule II and IV are identical. Hydrogen bonds are 
depicted as green dotted lines, and the compounds are dis-
played as pink lines. 

The geometrical conformations of molecules in the opti-
mal structure and the docking configurations are presented in 
Fig. (5). It can be seen from Fig. (5) that the conformations 
of molecules in solution phase are significantly different 
from the same found at the active site, indicating that these 
molecules are highly flexible. The most obvious change in 
these structures mainly occurs on the side chain of 
carboxyalkyl group. Detailed structural parameters are 
shown in Supplementary Table S1. For molecule I, there are 
obvious hydrophobic interactions between the hydrogen at-
oms of the B ring with the surrounding amino acids, such as 
Pro240, Leu176 and Phe157. The carboxyalkyl group of the 
side chain on the A-ring is embedded deep inside another 
binding cavity, which is composed ofHis279, Glu304, 
Phe300, Val303, Arg312 and Gln350. It is showed that al-

most all of the bond lengths and bond angles remain basical-
ly identical whether they interact with the protein or not. 
However, the dihedral angles change obviously. In the active 
site, although the carboxyalkyl group of the A ring is folded 
obviously, the A, B and C rings of molecule I are essentially 
planar. This leads to the intermolecular electrostatic interac-
tion between the terminal carboxyl group and the amino ac-
ids Gln350, Arg312 and Val303.  

For molecule II, B ring is embedded deep inside a cavity 
consisted of Glu276, Thr215 and Phe177. The angle between  
B ring and  A/C ring is significantly increased because of the 
torsion. Thus, the hydrogen atom H18 on B ring can interact 
with the oxygen atom OD2 of the amino acid Asp214 by 
strong hydrogen bonding interaction (2.079 Å). Similarly, 
the carboxyalkyl group of the A ring is folded obviously. 
There are two strong hydrogen-bonding interactions between 
the carbonyl oxygen atom O42 and the HE1 atom of His239 
(1.917 Å), terminal oxygen atom O38 and the atom H of 
amino acid Arg312 (1.675 Å). The B ring of molecule III is 
embedded deep inside the binding cavity, which is surround-
ed by amino acids Asp349, Arg439 and Gln350. Compared 
with the solution phase, the rotational degree of the B ring is 
the largest and almost perpendicular to the plane of the A/C 
ring. Thus, the hydroxyl hydrogen atom on the B ring can 
form a strong hydrogen bonding interaction with the oxygen 
atom OE1 of the amino acid Gln350. In addition, there is an 
obvious π-π interaction between the B ring and His239.  

The B ring of molecule IV is also embedded deep inside 
a binding cavity composed by the amino acids Asp349, 
Glu276, Asp214 and Phe177. Two hydrogen bonding inter-
actions can be formed between the OD1 oxygen atom of 
Asp214 and the hydroxyl hydrogen atoms H55 (1.954 Å) 
and H18 (2.037 Å) of B ring, respectively. For molecules 
II~IV, generally, the hydroxyl groups of the B ring can form 
intermolecular hydrogen bonding forces with the surround-
ing amino acids, such as Asp214 and Gln350. This is con-
sistent with the reported studies, which suggested that the 
position and number of hydroxyl groups may have the ability 
to make molecules bind into the binding pocket properly to 
maintain a high inhibitory activity [14-16]. The terminal 
hydroxyl oxygen O38 atom of the side chain on the molecule 
IV can also interact with the surrounding amino acid His239 
by hydrogen bonding interaction (1.976 Å), which is similar 
to the molecule III. It was reported that quercetin has a 
considerable inhibitory activity to S. cerevisiae α-
glucosidase (15±3μM) [14]. From these binding affinities, it 
is indicated that the position and number of hydroxyl groups 
on the B and C rings are also pivotal to the hypoglycemic 
activity when the long carboxyalkyl group is introduced into 
the A ring.  

3.3. Topology Analysis of Electron Density 

By using the Multiwfn program, the (3-1) type of bond 
critical point (bcp) for all bonds of the inhibitors (I~IV) were 
found, which suggested the existence of the covalent interac-
tions [46]. Based on further topological analysis, the electron 
density (ρbcp), their Laplacian values (�2ρbcp) at the bcp of all 
bonds were listed (Supplementary Table S2). It can be seen 
from Figs. (6 a-d) that the Laplacian values of electron den-
sities of the four molecules at active site are very close to the  
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Fig. (2). Loading graph of three molecules molecule I (a), molecule II (b), molecule III (c) and molecule IV (d). 

Fig. (3) Contd… 
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        (c)                                                               (d) 

Fig. (3). PC1 × PC2 projection to the yeast α-glucosidase and four molecules I~IV (a-d) systems. 

     Fig. (4). Contd… 
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Fig. (4). Intermolecular interactions between the selected compounds of molecule I~IV (a-d) and the α-glucosidase of S. cerevisiae, respec-
tively. Hydrogen bonds are depicted as green dotted lines, and the compounds are displayed by pink lines. 

Table 1. Nearest neighbors and short contact distances (Å) of the four molecules and its derivatives with the amino acid residues of 

S. cerevisiae α-glucosidase. 

Name Distance Name Distance 

Molecule I Molecule II 

H17...LEU176/CD 3.010 H18...ASP214/OD2 2.079 

H17...SER244/HG 2.256 O42...HIS239/HE2 1.917 

H31...SER244/HG 3.136 O38...ARG312/H 1.675 

H33...LYS/O 2.947 H21... GLN350/ OE1 2.194 

H28...PHE311/H 1.354 H34... ASP349/OD1 2.528 

H47...GLU304/CD 2.277 H30... ASP349/ OD1 2.373 

H46...HIS279/CE1 2.685 O19... GLN350/ OE1 2.500 

H48...ARG312/HH12 1.946 H29... ARG312/ HH11 2.983 

Table 1. Contd… 
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Name Distance Name Distance 

Molecule I Molecule II 

O41...VAL303/O 3.447 H47... ARG312 / CB 2.399 

H38...GLN350/OE1 2.034 O38...ARG312/H 1.675 

- - H28... PHE157 / CE1 2.657 

- - H32... PHE177 / CE1 3.498 

- - O42...HIS239/HE1 1.917 

Molecule III - Molecule IV - 

O20...THR215/HG1 1.702 H1...ASP214/OD1 2.037 

H21...THE215/HG1 1.785 H55...ASP214/OD1 1.954 

O19...GLU276/OE1 3.079 O32...GLU276/OE2 3.457 

H55...GLU350/OE1 2.151 O22...HIS279/HE2 2.159 

H18...ASP349/O 2.083 O7...PHE157/CE2 3.076 

H33...ARG439/HH11 1.519 O30...ASP349/OD2 2.775 

H31...PHE300/CE2 2.424 O19...GLN350/OE1 2.731 

O42...HIS239/HE2 1.920 H21...GLN350/OE1 2.977 

O42...LYS155/HZ1 2.716 O20...ARG312/HH12 3.328 

H59...PHE157/O 2.945 O38...HIS239/HE2 1.976 

- - H39...PHE300/O 2.587 

����� �
                                (a)                                                                                           (b)�

������ �
                            (c)                                                                                         (d) 

     
(e)                                                                                              (f)                    Fig. (5) Contd… 
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                                     (g)                                                                                        (h) 

Fig. (5). The geometrical conformations of molecules I~IV in the optimal structure (a, c, e, g) and the active phase (b, d, f, h). The atom 
numbering scheme of the molecules are correspondingly labeled in the optimal structure. 

Fig. (6). Contd… 
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Fig. (6). The electron densities of molecule I~IV (a-d) in the gas optimal phase (blue) and in the active site of S. cerevisiae α-glucosidase 
(red). Tenfold of the differences between the two states are also denoted as green columns correspondingly under the electron densities. The 
ordinate means the value of electron density, and the abscissa means the type of the bond sequentially. 

solution phase. The electron densities (ρbcp) of the C-C bonds 
on the aromatic ring for all molecules in solution forms 
ranged from 1.996 to 2.126eÅ-3, which are smaller than the 
reported values [47]. Most of the Laplacian values of electron 
densities decreased at the active site, whereas the changes 
were not significant. The highest electron density values of the 
four molecules (2.796~2.797 eÅ-3) can be found on the car-
bonyl C-O bonds of the parent ring in both situations. This is 
consistent with the reported results [48, 49].  

It is suggested that the charge concentration/depletion at 
the bcp of the chemical bond can provide interesting infor-
mation about the chemical bonds by using the Laplacian of 
electron density �2ρbcp [50, 51]. For molecule I, the Laplaci-
an values of electron density for C-H bonds on the B ring 

increased about 1.863~2.039 eÅ-5. Acted as a hydrogen bond 
acceptor, the hydrogen atom H18 of the B ring on the mole-
cule II can form intermolecular hydrogen bonding interaction 
(2.079 Å) with the OD2 atom of Asp214. Thus, the electron 
density of the chemical bond O17-H18 decreased slightly 
(~0.162 eÅ-3), whereas the corresponding Laplacian value 
increased about 2.251 eÅ-5. It can be concluded that the elec-
tron densities of chemical bonds became more depleted after 
interacting with the S. cerevisiae α-glucosidase, implying 
strong interactions with the surrounding amino acids [52].  

For molecule III, the Laplacian value of the electron den-
sity of almost all chemical bonds on B ring  increased, espe-
cially the C13-O32 (2.014 eÅ-5) and O32-H55 (2.861 eÅ-5), 
which may be related to the formation of intermolecular hy-
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drogen bonds between H55 atom and the oxygen atom OE1 
of amino acid Glu350. Due to the electrostatic interaction 
with the amino acids Asp349, Arg439 and Gln350, the elec-
tron density of the other hydroxyl group O17-H18 on B ring 
also increased about 2.076 eÅ-5, whereas the electron density 
of C14-O17 did not change significantly. The electron densi-
ties of B ring on molecule IV decreased, which indicated 
strong intermolecular interactions with the surrounding ami-
no acids Phe177, Asp214, Glu276 and Asp349. The in-
creased extents of the Laplacian values for the two hydroxyl 
groups O32-H55 and O17-H18 are higher than other mole-
cules (about 3.396 and 2.766 eÅ-5), indicating that the elec-
tron densities become more depleted after docking with the 
S. cerevisiae α-glucosidase. This is due to the strong hydro-
gen bonding interactions between the OD1 atom of Asp214 
and the two hydrogen atoms of the hydroxyl groups on B 
ring, which act as electron acceptors. Compared with others, 
molecule IV has an additional hydroxyl group on C ring; the 
electron density value of C9-O30 is higher than C9-H30 of 
other molecules, which may be related to the electrostatic 
interactions with amino acids Asp349, Gln350 and Phe300.  

3.4. Molecular Electrostatic Potential 

The molecular electrostatic potential is usually used to 
anticipate reactive sites for electrophilic and nucleophilic 
attacks [53]. In fact, the molecular electrostatic potential is 
related to the electronic density [54]. Molecular electrostatic 
potential can provide a three-dimensional visual method to 
understand the net electrostatic effect of a molecule. Two 
negative (red) and positive (blue) regions can be considered 
as electrophilic and nucleophilic reactivity regions, respec-
tively (Fig. 7). The white regions are named as zero poten-
tial. It is important to note that the negative region for the 
electrophilic attack is at the vicinity of all oxygen atoms, 
which corresponds to an attraction of the proton by aggregat-
ing electron density in the molecules.   

The distributions of molecular electrostatic potential on 
vdW surface for molecule I~IV in the solution phase are 
extremely similar. For molecule I, the minimum value corre-
sponds to the carbonyl oxygen atom of the C ring (-68.57 
kcal/mol). The maximum values for these four molecules are 
all at the vicinity of the hydroxyl hydrogen atom of the ring 
A (61.18~66.76 kcal/mol), among which, molecule IV re-
mains the largest one. It was found that the largest molecular 
electrostatic potential surface minimum value of molecule 
IV is -59.64 kcal/mol, which is located near the carbonyl 
oxygen atom of the C ring. This may be related to the lone 
pair electrons of the oxygen atom. With the increase of the 
hydroxyl numbers on B ring, the molecular electrostatic po-
tential on vdW surfaces of the molecule I~IV are significant-
ly different. Due to none of the hydroxyl oxygen atom con-
nected to the B ring of molecule I, there is no obvious distri-
bution of the positive and negative molecular electrostatic 
potential. However, with the increase of the hydroxyl num-
bers, it can be seen from the figure, that the positive electro-
static potential is distributed near the hydroxyl hydrogen 
atom (57.80~65.84 kcal/mol), and the negative one is located 
at the vicinity of the hydroxyl oxygen atom. There are two 
hydroxyl groups connected to molecule III and IV; the nega-

tive electrostatic potential energy near the hydroxyl oxygen 
atom is significantly increased (-41.06 and -45.18 kcal/mol, 
respectively).  

 After interacting with the S. cerevisiae α-glucosidase, it 
can be found from the Fig. (4) that all geometric confor-
mations of these molecules changed obviously. The side 
chain of the A ring has been folded at different degrees, and 
the angle between B ring and A ring  generated correspond-
ingly. From the surface electrostatic potential of the mole-
cules, it can be seen that the minimum values  increased  
(-41.24~-28.45 kcal/mol), especially  molecule IV. This may 
be related to the presence of unique hydroxyl oxygen atoms 
on C ring, which will influence the negative molecular elec-
trostatic potential near carbonyl oxygen atom (-28.45 
kcal/mol). Both of the positive and negative values of the 
hydroxyl hydrogen atom and oxygen atoms of the carboxyl 
group reduced simultaneously, implying strong interactions 
with the surrounding amino acids. When the number of hy-
droxyl groups on  B ring is two, the positive electrostatic 
potential value are increased significantly at the vicinity of 
the hydroxyl hydrogen atom, especially the molecule IV. 
This may be related to the strong hydrogen bonding interac-
tions of the two-hydroxyl hydrogen atoms with amino acid 
Asp214, which may lead to the flow of chemical electrons. 

CONCLUSION  

The introduction of hydroxyl group to the flavonoid ring 
undoubtedly increases the hydrogen bonding interaction be-
tween the hydroxyl group and the surrounding amino acids, 
which may reduce the intermolecular binding energy and 
increase the inhibitory activity [14]. When the number of 
hydroxyl group on the B ring is increased to two, the inhibi-
tory ability to S. cerevisiae α-glucosidase is quiet strong, 
such as quercetin[14]. However, due to the hydrophobic N-
heptane alkyl and terminal hydrophilic carboxyl group ap-
peared on the 7-position, the intermolecular interactions at 
the active site were affected. It was reported that the intro-
duction of a carboxyl alkyl group into 7-OH of apigenin can 
enhance its binding with α-glucosidase and increase the α-
glucosidase inhibitory activity [20], which is consistent with 
our docking results. Results showed that the electron density 
of the chemical bond C14-O17 of molecule II increases 
(~0.075 eÅ-3) while chemical bond O17-H18 decreases 
(~0.162 eÅ-3) at the active site. However, for molecule III, 
the electron density of two chemical bonds C-O of B-ring 
hydroxyl groups decreased (0.186 eÅ-3 and 0.164 eÅ-3), and 
increased on the chemical bond O-H (0.109 eÅ-3 and 0.174 
eÅ-3). The similar situation was observed on molecule IV. 
This shows that para-hydroxyl group of the B ring not only 
forms an intermolecular hydrogen bonding interaction with 
the amino acid Asp214, but also has a strong electrostatic 
interaction with surrounding amino acids Glu276, Thr215 
and His111. Amino acids Phe157 and Phe177 maintain the 
molecule at the active site by forming hydrophobic interac-
tions with the alkyl group. When the hydroxyl group is con-
nected to B ring, it can be seen from Fig. (7d) that the lowest 
positive electrostatic potentials are distributed near the hy-
droxyl hydrogen atom (57.13 Kcal/mol) and carboxyl hydro-
gen atom (52.43 Kcal/mol). �
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Fig. (7). Contd… 
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     (g)                                                                                                                         h  

Molecule IV 

Fig. (7). Molecular electrostatic potential on vdW surface of molecules I~IV (a-h). The unit is in Kcal/mol. Surface local minima and maxima 
of molecular electrostatic potential are represented as blue and orange spheres, respectively. The local surface maxima values and the global 
minimum and maximum are labeled by bold font. 

Compounds with a large number of hydroxyl groups may 
have more solvent interactions [55], however, from this 
docking analysis, it is concluded that the position and num-
ber of hydroxyl groups on the carboxyalkyl flavonoid B and 
C rings are important to the hypoglycemic activity. It is 
shown that, from the structure-activity relationship study, 
quercetin is the most active flavonoids (IC50=15±3μM), 
whose structural features include the presence of two hy-
droxyl groups located strategically on ring A and B, and one 
on ring C [14]. When carboxyalkyl group is introduced into 
A ring, the number of hydroxyl groups should not be an im-
portant factor, whereas their position proves to be a relevant 
factor, showing that the presence of three well-defined zones 
in the structure, a hydrophobic long alkyl and carboxyalkyl 
group on A ring, and a hydrophilic one on B ring, are neces-
sary. In other words, it appears that the presence of one hy-
droxyl groups located strategically on ring B and the absence 
of polar groups on ring C are of great importance for the 
hypoglycemic of the carboxyalkyl flavonoids. However, 
further biological tests are needed to be done to validate the 
computational predictions.  
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