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Abstract A tree-step computational approach has been ap-
plied to determine the lowest-energy conformers of luteolin-
4′-O-β-D-glucoside (L4′G). Fifty-seven starting structures of
the L4′G have been built, and then by performing with density
functional theory (DFT) optimizations and second-order
Møller-Plesset (MP2) calculations, the preferred conforma-
tions of L4′G are predicted. In order to test the accuracy of
the computational approach, a hybrid Monte-Carlo multiple
minimum (MCMM)/quantum mechanical (QM) approach is
applied to determine the favorable conformers of L4′G. The
alternative classification is employed to put similar conforma-
tions into the same catalogue according to the dihedral angles
among the luteolin rings, glycosidic dihedral angles, and the
orientations of hydroxyl and hydroxymethyl groups. The low-
energy conformations are located after the optimizations at the
HF/6-31G(d) and B3LYP/6-311+G(d) levels. Compared with
the hybridMCMM/QM approach, the tree-step computational
approach not only remains accurate but also saves a lot of
computing resources.

Keywords Alternative classification . Luteolin-4′-O-β-D-
glucoside . The hybridMCMM/QMapproach . The tree-step
computational approach

Introduction

The structural information of biomolecule is responsible for
its physical and chemical properties [1]. Therefore, deter-
mining the possible structure of biomolecules is of prime
importance in understanding their biological function. High-
level quantum mechanical (QM) calculations can provide
accurate structural information of the stable conformations
[2, 3], but the computational cost is expensive. Molecular
mechanics (MM) method, on the other hand, can have a
cheaper calculational cost to obtain the stable conformations
[4]. However, due to the limitation of MM method and the
uncertain parameters in MM calculations, it is difficult to
determine the preferred structures of biomolecule [5, 6].
Hybrid MM conformational search/QM calculation, which
contains the full-space conformational search, the alterna-
tive classification, and the different levels of optimization,
has been extensively applied to solve these problems
[7–12]. Nevertheless, the conformational search generates
hundreds and thousands of conformers because of the struc-
tural complexity of biomolecule, which, however, consumes
large amount of calculation cost to optimize all the possible
structures. Recently, the tree-step computational approach
was used to establish the preferred conformations of β (1,
4)-linked lactoside [13]. A simple three-step procedure
based on linkage sites, inter-ring hydrogen bonds, and co-
operative intra-ring hydrogen bonds has been carried out to

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-013-1894-9) contains supplementary material,
which is available to authorized users.

Y. Li :D. Chen (*) : Z. Wei :B. Liu (*)
Institute of Photo Biophysics, Physics and Electronics Department,
Henan University, 475004, Kaifeng, China
e-mail: dongchen@henu.edu.cn
e-mail: boliu@henu.edu.cn

X. Liu
Key Laboratory of Natural Medicine and Immune Engineering,
Henan Province 475004, Kaifeng, China

J Mol Model (2013) 19:3619–3626
DOI 10.1007/s00894-013-1894-9

http://dx.doi.org/10.1007/s00894-013-1894-9


build up starting structures of β (1, 4)-linked lactoside. Fol-
lowing this procedure combined with DFT optimizations and
second-order Møller-Plesset (MP2) calculations, the determi-
nation process of the global minimum conformers of β (1, 4)-
linked lactoside was simplified. The tree-step computational
approach reduces the number of the initial structures of β
(1, 4)-linked lactoside, and saves computational resources.

Based on the previous studies of disaccharide, we extend
the application of the tree-step computational approach to the
study of other biomolecules. Luteolin-4′-O-β-D-glucoside
(L4′G), which has antibacterial [14–17], antiviral [18–20],

and antifungal [17, 21, 22] activities, was chosen to be a
model molecule in this paper. Here, the tree-step computa-
tional approach was used to predict the preferred conformers
of L4′G. In addition, the hybrid Monte-Carlo multiple min-
imum (MCMM)/quantum mechanical (QM) approach was
also applied to determine the preferred conformers of L4′G.
Within 4 kJ mol−1, the two approaches give the same results.
Comparing such two approaches of simulation of the low-
energy conformations of L4′G, the tree-step computational
approach simplifies the time-consuming routine procedure in
the traditional strategy and radically decreases the computa-
tional cost.

Computational methods

L4′G is a type of luteolin glycosides. A glucose moiety is
bound to the luteolin aglycone through one hydroxyl group
(OH) at the 4′ position (see Fig. 1). Both the tree-step
computational approach and the hybrid MCMM/QM ap-
proach were used to determine the preferred conformations
of L4′G. In the calculation processes of the two approaches,
all QM calculations were performed using Gaussian 03

luteolin-4'-O-β-D-glucoside

Fig. 1 Chemical structure of luteolin-4′-O-β-D-glucoside. Here, three
dihedral angles (E, 8, and =) have been indicated. E=C3-C2-C1′-C2′,
8=C3′-C4′-O-C1″, ==C2″-C1″-O-C4′

Fig. 2 Illustration of the tree-step procedure to establish two starting structures of L4′G (1 and 2)
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software package [23]. The convergence criteria used for
optimization is the default convergence criteria in Gaussian
03. The computational details of the two approaches are
introduced in the following, respectively.

The computational details of the tree-step computational
approach

The species diversity in inter-ring hydrogen bonds is re-
stricted to the glycosidic linkage, and while the structural
stability depends to a great extent upon inter-ring hydrogen
bonds. On the other hand, the formation of cooperative
intra-ring hydrogen bonds could further lower the energies
[13]. Based on these, a simple procedure is used for building
up starting structures, which is divided into three steps:
constructing the glycosidic bond, establishing the inter-
ring hydrogen bonds, and determining the cooperative
intra-ring hydrogen bonds. Following the three-step proce-
dure, 57 starting structures of L4′G were constructed in
MarcroModel software [24]. Here, we chose two starting
structures as an example to illustrate the construction pro-
cess. The procedure is shown in Fig. 2.

Step 1: constructing the glycosidic bond. Firstly, the
structures of luteolin and glucose were constructed. For the
dihedral angle (E) of the most stable conformer of luteolin,
Amat et al. computed its values ranging from 11° to 34°
depending on the level of theory used in vacuum [25]. Here,
the dihedral angle (E) is set to 20°. Secondly, the O-
glucoside bonds are built through the OH4′ in B ring of
luteolin and H1 “atom of OH1” in glucose ring. The glucose
residue is connected with the B ring of luteolin residue
between C4′ and C1″ sites to form glucosidic bond. Step
2: establishing the inter-ring hydrogen bonds. We focused
on the inter-ring hydrogen bonds whose bond lengths are
within 3 Å. Two structures, which are called structure 1 and
2, can be obtained when two types of inter-ring hydrogen
bond (OH3′→OG and OH3′→OH2″) are established, re-
spectively. The inter-ring hydrogen bond (OH3′→OG) is
formed in structure 1 by adjusting OH3′ group and the
dihedral angles (8, =) which are adjusted to (80°, 150°).
Here, the OG refers to O atom in the glucose ring. Similarly,
the inter-ring hydrogen bond (OH3′→OH2″) is formed in
structure 2 by adjusting OH3′ group, OH2″ group and the
dihedral angles (8, =) which are adjusted to (−90°, 140°). Step
3: determining the cooperative intra-ring hydrogen bonds. The
cooperative intra-ring hydrogen bond (OH4″→OH3″→
OH2″→OR) is formed in structure 1 by adjusting OH4″,
OH3″, and OH2″ groups. Here, the OR refers to O atom in

the glucose residues. In the same way, the cooperative intra-
ring hydrogen bond (OH2″→OH3″→OH4″→OH6″) is
formed in structure 2. Similar to the construction of structure
1 and 2, another 55 starting structures of the L4′G are built.

Then, all initial structures were carried out to optimize at
the B3LYP/6-311+G(d) level. The relative energies used to
find the global minimum structures were obtained from single
point MP2/6-311++G(d,p) calculations, corrected for the
zero-point energy (ZPE) derived from the B3LYP/6-311+
G(d) frequency calculations.

The computational details of the hybrid MCMM/QM
approach

The following are the procedures of the hybrid MCMM/QM
approach.

Fully conformational search

The function of conformational searches is to find the
lowest-energy conformation [26]. It is quite simple to

Fig. 3 The diagram of classification procedure

Table 1 Main structural parameters of low-energy conformers
obtained by the tree-step computational approach. The relative energies
were obtained from single point MP2/6-311++G(d,p) calculations,
corrected for the zero-point energy (ZPE) derived from the B3LYP/6-
311+G(d)

Conf The relative
energy
(kJ mol−1)

The length
of inter-ring
bond(Å)

θ (°) φ (°) ψ (°)

1 0 1.96, 2.75 159.77 85.86 163.81

2 0.02 1.95, 2.77 20.37 86.04 163.57

3 0.22 1.95, 2.77 −159.85 86.09 163.76

4 0.27 1.95, 2.75 −21.02 85.30 163.13

5 1.17 1.96, 2.74 158.90 85.86 163.87

6 1.54 1.94, 2.76 −159.28 86.01 163.71

7 1.82 1.95, 2.56 21.51 86.08 163.79

8 2.16 1.94, 2.75 −22.42 85.19 163.14

9 2.91 1.94 157.35 −94.43 139.24

10 3.10 1.93 −20.85 −92.80 139.47

11 3.47 1.93 21.75 −91.75 139.49

12 3.61 1.86 21.01 80.31 155.07

13 3.73 1.93 −161.47 −93.19 138.83

14 4.12 1.94 156.79 −94.58 139.13

15 4.59 1.87 −158.33 79.86 154.11

16 4.78 1.94 −158.68 86.89 161.90

17 4.98 1.92 23.06 −91.42 139.35
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conduct a random variational conformational search. A
starting structure is chosen, random variations to selected
coordinates are applied, the structure is minimized, and
comparing the result with minima found during previous
conformational search steps is carried out; after storing the
resulting structure as a new, unique conformer or rejecting
as a duplicate, the cycle is repeated; one such cycle is called
a Monte Carlo (MC) step and the entire procedure as a
Monte Carlo multiple minimum (MCMM) search [27].

Here, an initial structure of L4′G was generated by
MarcroModel software [24]. Then, 20,000 fully random con-
formational searches were implemented through MCMM
method with the Merk molecular force field static (MMFFs)
[28]. The bond between the B andAC rings, the OH groups, the
hydroxymethyl group, and the glycosidic bond were flexible
and freely rotatable through 360° in the search. All searches
used 100 steps per rotatable bond with an energy cutoff of 50 kJ
mol−1 above the global energy minimum. Four thousand nine
hundred twenty-two unique conformers were identified.

Alternative classification

Here, 4922 conformers were classified by Xcluster software
[29]. The procedure of classification is shown in Fig. 3.
Dihedral angles (E, 8, and =) mainly determine the geom-
etry of L4′G. Therefore, the dihedral angle (E), the dihedral
angle (8), and the dihedral angle (=) were considered as
classification criterion of the first three-level classifications.
Successively, the fourth-level classification was performed

according to the orientation of the OH groups in luteolin
rings. The last-level classification was on the basis of the
orientation of the OH and hydroxymethyl groups in glucose
ring.

Geometry optimization

After the classification, the structures with the same range of
classification criterion were put into the same category.
Then, each representative structure was automatically pick-
ed up from the final category by Xcluster software [29]. In
order to reduce the number of unstable conformations, the
representative structures were firstly submitted to full ge-
ometry pre-optimization by ab inito method using Hartree-
Fock (HF) with the 6-31G(d) basis set. Then the resulting
structures of HF pre-optimization were submitted for DFT
optimization at the B3LYP/6-311+G(d) level. Eventually,
MP2/6-311++G(d,p) level calculations were carried out to
determine the relative energies of the optimized geometries,
which were corrected for zero point energy using the fre-
quency calculations performed at the B3LYP level with 6-
311+G(d) basis sets.

Results and discussion

Results of the tree-step computational approach

After the tree-step computational calculation, the preferred
structures of L4′G are predicted. The key parameters of the
low-energy conformers are listed in Table 1. From Table 1, we
come to the conclusion that the value of glycosidic dihedral
angles (8, =) is concentrated in two areas. To gain more
structural information, structural analysis of the low-energy
conformers is performed in the following section.

Both inter-ring hydrogen bond and cooperative intra-ring
hydrogen bond are discovered in each low-energy

Table 2 The number of categories and the percentage of categories
relating to 4922 structures at three stages

Stage 1 Stage 2 Stage 3

The number of categories 1333 719 683

The percentage of categories 27.08 % 14.61 % 13.88 %

Stage 1                Stage 2 Stage 3

Fig. 4 The distribution of glycosidic dihedral angles (8, =) at three
stages. Stage 1: the classification procedure, stage 2: the pre-optimization
at HF/6-31G(d) level, stage 3: the optimization at B3LYP/6-311+G (d)

level. The dihedral angles (8,=) mainly distribute in four regions I, II, III,
and IV. The red-color dots in (c) indicate the distributions of the glyco-
sidic dihedral angles for low-energy conformers within 5 kJ mol−1
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conformer. There are three types of inter-ring hydrogen
bonds, which are OH3′→OG, OH6″→OH3′, and OH3′→
OH2″. OH3′→OG and OH3′→OH2″, whose bonds length
are between 1.9 Å and 2 Å, are strong inter-ring hydrogen
bonds. OH6″→OH3′ inter-ring hydrogen bond, whose
length is between 2.6 Å and 2.8 Å, is weak. The low-
energy conformers involve three types of cooperative intra-
ring hydrogen bonds (OH4″→OH3″→OH2″→OR, OH2″→
OH3″→OH4″, and OH6″→OH4″→OH3″→OH2″→OR).
These results show that inter-ring hydrogen bond and coopera-
tive intra-ring hydrogen bond play important roles in the stabili-
zation of certain conformers of L4′G.

Results of the hybrid MCMM/QM approach

The details of alternative classification

Firstly, 4922 conformers are generated through fully random
conformational searches. These conformers can be roughly
classified into five groups based on the different dihedral
angle (E), namely, group A, B, C, D, and E. Groups A, B, C,
and D contain 1242, 1240, 1233, and 1119 conformers,
respectively, and group E has only eight conformers.
According to the dihedral angle (8), groups A, B, C, and
D are classified into 12, 12, 9, and 14 subgroups, respec-
tively. For group E, each conformer is seen as a category.
Similar to the first two levels of classification, the following
three levels of classifications are carried out step by step.
After five-level classification, 1333 categories are obtained.
The number of categories covers 27.08 % of all the struc-
tures (see Table 2). Finally, 1333 representative structures

are automatically chosen from the corresponding categories
by Xcluster software [29].

As described above, it can be drawn that despite such
classification, it still takes expensive calculation cost to
optimize the 1333 representative structures.

The distribution of glycosidic dihedral angles

Clearly, the glycosidic dihedral angles (8, =) can character-
ize the spatial relation of the two rings linked by glycosidic
bond. A map of the distribution of glycosidic dihedral
angles (8, =) in three stages has been shown in Fig. 4.
The percentages of categories at the three stages are shown
in Table 2.

From stage 1 to stage 2, the distribution of glycosidic
dihedral angles has a significant change in each region.
The percentage of categories presents a sharp reduction
ranged from 27.08 % to 14.61 %. This suggests that some
different conformers turn into the same structure during
HF/6-31G(d) level optimization. From stage 2 to stage 3,
the distribution of glycosidic dihedral angles (8, =)
changes a little in each region. The percentage of catego-
ries at stage 3 is 0.73 % lower than that of categories at
stage 2. It indicates that there are still some different
conformers to converge into identical conformer during
B3LYP/6-311+G(d) level optimizations. Briefly, some un-
stable conformers converted into the lower energy con-
formers or merged into other categories during geometry
optimization. The result may suggest that the spatial ar-
rangement of atoms is re-arranged along with the change
of glycosidic dihedral angles (8, =), and inter-ring

Fig. 5 a The lowest-energy
conformer of L4′G and (b) the
conformer of L4′G with energy
of 16.59 kJ mol−1

Table 3 The values of the computing cost (CPU time) for each method

MCMM (h) HF
optimization (h)

B3LYP
optimization (h)

MP2 single point
energy calculations (h)

B3LYP frequency
calculations (h)

Total (h)

The tree-step computational approach 3597.76 2000.45 5776.56 11374.77

The hybrid MCMM/QM approach 1.18 8362.02 41928.17 25950.29 72649.54 148891.20
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hydrogen bond and cooperative intra-ring hydrogen bond
can be regenerated during the optimizations.

The distributions of the glycosidic dihedral angles for low-
energy conformers within 5 kJ mol−1 are marked in red-color
dots in Fig. 4c. It is noticeable that the glycosidic dihedral
angles of low-energy conformers are mainly dispersed in two
regions.

Cooperative intra-ring hydrogen bonds

The lowest-energy conformer with (E=159.79°, 8=85.86°,
and ==163.81°) is shown in Fig. 5a. Two typical inter-ring
hydrogen bonds (OH6″→OH3′ and OH3′→OG) are ob-
served. The intra-ring hydrogen bonds (OH6″→OG and
OH5→O4) and the cooperative hydrogen bond (OH4″→
OH3″→OH2″→OR) are also noticed. The conformer with
energy of 16.59 kJ mol−1 is shown in Fig. 5b. A comparison
between Fig. 5a and b shows that the two structures have
similar dihedral angels (E, 8, and =), inter-ring hydrogen
bonds, and intra-ring hydrogen bond of OH5→O4. In
Fig. 5b, OH3″ group points to OH4″ group, while OH2″
group points to OR. Because of the opposite direction of
OH3″ and OH2″ groups, the hydrogen bond interaction
between OH3″ and OH2″ groups could not occur. So, it is
impossible to form a cooperative interaction among OH4″,
OH3″, OH2″, and OR. An energy difference of 16.59 kJ
mol−1 is caused by the lack of cooperative interactions.

Comparison of the tree-step computational approach
and the hybrid MCMM/QM approach

First, let us turn our attention to the time consumption of
these two approaches.

In the hybrid MCMM/QM approach, 1333 representative
structures are pre-optimized at the HF/6-31G(d) level. Based on

Fig. 7 a The conformer with
energy of 4.29 kJ mol−1, b the
conformer with energy of
3.62 kJ mol−1, c the conformer
with energy of 4.55 kJ mol−1,
and (d) the conformer with
energy of 0.20 kJ mol−1

Fig. 6 The number of the conformers in different energy ranges. These
conformers are both located by using the tree-step computational
approach and the hybrid MCMM/QM approach
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the result of the HF optimization, 719 conformers’ B3LYP/6-
311+G(d) level optimization, single point MP2/6-311++G(d,p)
calculations, and B3LYP/6-311+G(d) frequency calculations
are carried out, successively. In the tree-step computational
approach, only 57 starting structures are directly submitted for
the B3LYP/6-311+G(d) level optimization, single point
MP2/6-311++G(d,p) calculations, and the B3LYP/6-311+
G(d) frequency calculations. The values of the computing cost
(CPU time) for each method are listed in Table 3. Clearly, the
tree-step computational approach consumes less computational
resources, which reduces 92 % of the total CPU time compared
to the hybrid MCMM/QM approach.

Then we compare the lowest energy conformers obtained
with the two approaches. Within the energy of 5 kJ mol−1, the
hybrid MCMM/QM approach predicted 21 conformers, while
the tree-step computational approach predicted 17 conformers
and missed four conformers. The main parameters of the 17
conformers are quite close to the values obtained by the hybrid
MCMM/QM approach and the tree-step computational ap-
proach. The discrepancy of the dihedral angels (E, 8, and =)
of the 17 conformers obtained by the two approaches is less
than 0.1 %. Figure 6 shows a difference of the number of
conformers between the two approaches when the energy is
larger than 4 kJ mol−1. Ranging from 4 kJ mol−1 to 10 kJ mol−1,
the number of conformers determined by the tree-step compu-
tational approach is less than that of the hybrid MCMM/QM
approach at every energy interval of 1 kJ mol−1. It results from
the procedures used to construct starting structures in the tree-
step computational approach. Next, we focus on two con-
formers which are missed in the calculations of the tree-step
computational approach. The first conformer is of the relative
energy of 4.29 kJ mol−1 shown in Fig. 7a. Compared with the
conformer with the relative energy of 3.62 kJ mol−1 (see
Fig. 7b), the difference of these two conformers exists in the
dihedral angels (E, 8, and =), which results in an energy
difference of 0.67 kJ mol−1. The other conformer is of the
relative energy of 4.55 kJ mol−1 (see Fig. 7c). Compared with
the conformer with the relative energy of 0.20 kJ mol−1 shown
in Fig. 7d, both conformers have similar dihedral angels (E, 8,
and =), inter-ring hydrogen bond of OH3′→OG, and coop-
erative intra-ring hydrogen bond of OH4″→OH3″→
OH2″→OR. The only difference is that the inter-ring hy-
drogen bond of OH6″→OH3′ is formed in the conformer
shown in Fig. 7d, which is 4.35 kJ mol−1 lower in energy.
The two missing conformers in the calculations prove that
the tree-step computational approach concentrates on lo-
cating the lowest energy conformers. The conclusion is
drawn that, in the case of L4′G, the results of the tree-
step computational approach are consistent with that of the
hybrid MCMM/QM approach when energy is below 4 kJ
mol−1, while some conformers with high energy are miss-
ing in the tree-step computational approach due to the
limitation of the three-step procedure.

Conclusions

A comparison between hybrid MCMM/QM approach and
tree-step computational approach clearly illustrates the ad-
vantages of the developed new modeling. Compared to the
hybrid MCMM/QM approach, the tree-step computational
approach simplifies calculation procedure, saves computing
cost, and considerably reduces the computational time. It is
important to notice that the final stable conformers located
by the tree-step computational approach remains as accurate
as by the hybrid MCMM/QM approach when the relative
energy of conformers is within 4 kJ mol−1. Therefore, the
tree-step computational approach provides another option to
efficiently and accurately determine the favorable geome-
tries of biomolecules.
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