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Abstract
The quantitative structureeactivity relationship (QSAR) of 32 flavone and isoflavone derivatives with cytotoxicity expressed as pGC50, which
is defined as the negative value of the logarithm of necessary molar concentration of this series of compounds to cause 50% growth inhibition
against the human cervical epithelioid carcinoma cell line (HeLa), has been studied by using the density functional theory (DFT), molecular
mechanics (MM2) and statistical methods. In order to obtain QSAR model with high predictive ability, the original dataset was randomly divided
into a training set comprising 26 compounds and a test set comprising the rest 6 compounds. An optimal model for the training set with
significant statistical quality (R2

A ¼ 0:852) and predictive ability (q2¼ 0.818) was established. The same model was further applied to predict
pGC50 values of the 6 compounds in the test set, and the resulting predictive correlation coefficient R2

pred reaches 0.738, further showing that this
QSAR model has high predictive ability. It is very interesting to find that the cytotoxicities of these compounds against HeLa appear to be mainly
governed by two quantum-chemical factors, i.e., the energy (ELUMO) of the lowest unoccupied molecular orbital (LUMO) and the net charges of
C atom at site 6 on aromatic rings (QC6). Here the possible action mechanism of these compounds was analyzed and discussed in detail, in
particular, the fact why the flavone derivatives have considerably higher cytotoxicity than isoflavone derivatives was reasonably explained. Based
on this QSAR equation, 5 new compounds with higher cytotoxicity have been theoretically designed. Such results can offer useful theoretical
references for experimental works.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Flavonoids and isoflavonoids are a class of natural product
that shows extensive biological activities with low toxicity,
such as antiviral, antiinflammatory, antioxidant and antitu-
moral actions [1e3]. These compounds are distributed in
a wide variety of plants and commonly consumed with the hu-
man diet. Hence, their use as potential therapeutic compounds
against a broad range of diseases is of interest [4]. Many of the
pharmacological properties of these compounds have been
found to relate to their abilities to inhibit enzymes involved
in cell activation, such as cAMP phosphodiesterases, kinases,
topoisomerases and other regulatory enzymes [5].
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One of the most interesting biological properties of some
flavonoids is their cytotoxicity. Several polyalkoxylated flavo-
noid aglycones have shown interesting antitumor properties,
including flavone [6], flavonol [7], and flavanone [8]. Chen
et al. proposed that the cytotoxicity induced by flavone is me-
diated by inducing the occurrence of apoptosis characterized
by the appearance of DNA ladders, apoptotic bodies and hypo-
diploid cells [9]. The DNA-binding affinity of the drug is one
of significant factors that may affect the cytotoxicity. Recently,
Wang et al. have reported preparation of certain oxime- and
methyloxime-containing flavone and isoflavone derivatives
and investigated their antiproliferative activities [10]. They
expected the corresponding oximes (H-bond donors) and
o-methyloximes (H-bond acceptors) to form H-bonds with
DNA upon intercalation [11]. Evaluation of the antiprolifera-
tive activities of these compounds showed a potent inhibitory
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effect on the cell growth in all 60 human tumor cell lines [10].
These discoveries exemplified the great potential of develop-
ing flavone and isoflavone derivatives as a new class of anti-
cancer drug. However, so far the action mechanisms
between these compounds and DNA remain unclarified at
the molecular level. Fortunately, the availability of experimen-
tal cytotoxicity data on flavone and isoflavone derivatives
affords us an opportunity to apply quantitative structuree
activity relationship (QSAR) approach for obtaining some
significant insights into the action mechanism and molecular
design of these compounds.

For many years, QSARs have been efficiently used for the
study of biological mechanisms of various reactive chemicals
[12,13]. This is a powerful technique, which quantitatively
relates variations in biological activity to the molecular struc-
tures or properties. In order to establish an excellent QSAR
equation, it is very important to select high-quality descriptors,
because the success of a QSAR model is highly dependent on
the choice of effective descriptors. Recently, a number of
quantum-chemical descriptors like charges, orbital energies,
frontier orbital densities, and dipole moment, etc. obtained
from density functional theory (DFT) calculations have been
successfully used in developing different QSARs for predict-
ing reactivity in terms of the structures and physicochemical
properties of molecules [14]. In addition, molecular mechanics
(MM2) calculations providing molecular properties descrip-
tors like steric and hydrophobic coefficients have also been
used in QSAR study [15].

In this paper, a QSAR of a series of flavone and isoflavone
derivatives with anticancer activity against human cervical ep-
ithelioid carcinoma cell line (HeLa) in literature [10] was stud-
ied by using a combined method of the DFT, MM2, and
statistics, and a robust and predictive QSAR model only
with two main independent quantum-chemical descriptors
was established. In particular, based on this QSAR model,
the possible mechanism regarding these compounds interact-
ing with DNA was explored, and some new compounds with
higher cytotoxicity against HeLa were theoretically designed.

2. Calculations
2.1. Computational methods
The structural schematic diagrams of compounds used in
model building are shown in Fig. 1 and Table 1. The molecular
mechanics MM2 method in Chem3D software [16] was ap-
plied to search for lower energy conformations for each mol-
ecule. Then the stable geometry structures of these compounds
were further fully optimized using the DFT calculations at the
level of Becke’s three-parameter hybrid functional (B3LYP)
[17] and 6-31G basis set. Via the frequency calculations, there
was not an imaginary frequency appearance for all configura-
tions at the energy minima showing that the optimized stable
structures are reasonable and reliable. Atomic charges were
computed using the natural population analysis (NPA) [18].
The all quantum-chemical calculations were performed
by Gaussian 03 program package [19]. In addition, the
Hyperchem software [20] was also employed to calculate
the following parameters of molecular properties from the en-
ergy-minimized structures: surface area (S ), volume (V), hy-
drophobic coefficient (log P), molar refractivity (MR), and
so on.
2.2. Statistical analysis
From the results of the DFT calculations, the quantum-
chemical descriptors were obtained for the model building
as follows: the highest occupied molecular orbital energy
(EHOMO), the lowest unoccupied molecular orbital energy
(ELUMO), the energy difference between the LUMO and the
HOMO (DEL�H), the total dipole moment (m) of the molecule,
the net charges of C atom at site 6 on aromatic rings (QC6), the
total net charges of R1, R2, and R3 (QR1, QR2, QR3,), etc.
Meanwhile, the descriptors of molecular properties, such as
the hydrophobic coefficient and molar refractivity of substitu-
ents R1, R2, and R3 (log PR1, log PR2, log PR3; MRR1, MRR2,
MRR3; respectively), were also selected. More than 20 de-
scriptors were adopted as candidates for the correlation
analysis.

The cytotoxicities of 32 studied compounds are expressed
in terms of GC50, which is necessary molar concentration of
compound causing 50% cell growth inhibition against the hu-
man cervical epithelioid carcinoma cell line (HeLa); the corre-
sponding values are presented in Table 1. All original GC50

values are usually converted to negative logarithm of GC50

(pGC50) in QSAR study.
In order to select out the predominant descriptors affecting

the cytotoxic activity, the correlation analysis was performed
by the statistical software SPSS [21]. To eliminate the inter-
correlative parameters and minimize the information overlap
in the model, the descriptors with lower inter-correlation ðjrj
< 0:5Þ were only considered [22]. The descriptors with higher
correlation to the pGC50 and lower inter-correlation were se-
lected to carry out the stepwise multiple linear regression anal-
ysis to establish the optimal QSAR equation.

In the next step, the predictive ability of the equation was
evaluated by a well-known method of ‘‘leave-one-out’’
(LOO) cross-validation [23]. The square of cross-validation
coefficient q2, which is used as a criterion of both robustness
and predictive ability of the model, should be greater than
0.5 for a reliable model [24].

It is commonly accepted that the internal validation of
QSAR model built from training set is sufficient to confirm
its predictive power. However, a high q2 in training set only
shows a good internal validation, but it does not automatically
infer its high predictive ability for an external test set [25], be-
cause usually q2 overestimates the predictive ability of ob-
tained model. In order to obtain QSAR with more reliable
predictive ability, external validation is also crucial. Thus,
the dataset of 32 compounds was divided into a training set
comprising randomly selected 26 compounds and a test set
comprising the rest 6 compounds. QSAR model was built
from training set, and it was determined with the test set to
confirm its predictive ability. A QSAR model is considered
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Fig. 1. Molecular structures and numbering of flavone (A) and isoflavone (B) derivatives in the present study.
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to own high predictive power only if its square of predictive
correlation coefficient ðR2

predÞ between the experimental and
predicted activities is greater than 0.6 for the test set [26].

3. Results and discussion
3.1. QSAR equation
Considering the balance of the QSAR quality and the num-
ber of employed descriptors, an optimal QSAR equation was
obtained for 26 compounds in training set through multiple
linear regression analysis as follows:

pGC50 ¼ 2:637� 42:90ELUMO þ 0:371QC6 ð1Þ

n¼ 26; R2 ¼ 0:828; R2
A ¼ 0:813; r ¼ 0:126; Sreg ¼ 0:152;

Spre ¼ 0:143; q2 ¼ 0:780; F¼ 55:21; p< 0:0001

where n is the number of compounds in training set; R2 is the
square of correlation coefficient of regression; R2

A is the square
of adjusted correlation coefficient; r is the root-mean-square
deviation; Sreg is the standard deviation of regression and
Spre is that of the prediction; F is the Fisher’s F value using
the F statistics; p is the p value using the F statistics; and q2

is the square of LOO cross-validation coefficient. A good
QSAR model has characters of large F, small r and S, low p
value, R2 and q2 values close to 1, as well as p< 0.001. So
the above established QSAR model shows significant statisti-
cal quality. The selected parameters in Eq. (1) and the devia-
tions of regression and prediction are listed in Table 2.

From Table 2, we can see that, compound 27 has the largest
regression deviation (0.32) and the largest prediction deviation
(0.34), thus compound 27 may be regarded as outlier. We have
proposed a new approach to determine the outliers using
‘‘LOO’’ cross-validation coefficient q2

n�i, which denotes the
square of LOO cross-validation coefficient of compound i
computed by the new cross-validation procedure after leaving
this datum point (no. i) out from n compounds. The compound
with unduly high q2

n�i value can be considered as an outlier,
and the compound with the low value can be indicated an
influential point [27]. The q2

n�i values of this series of com-
pounds are also listed in Table 2. From Table 2, it is clearly
found that compound 27 has too large q2

n�i value (0.818) in
the 26 compounds as training set, so compound 27 can be con-
firmed to be the outlier. In addition, via a careful analysis of
the correlation between the pGC50 values and the molecular
structures for this series of compounds, we find an interesting
fact as follows: all flavone derivatives except for compound 27
have higher cytotoxicity than any one of isoflavone derivatives
(the reasons will be explained in Section 3.2). It further makes
sure that compound 27 is the outlier. After omitting compound
27, an optimal model Eq. (2) is obtained as follows:

pGC50 ¼ 2:618� 43:30ELUMO þ 0:336QC6 ð2Þ

n¼ 25; R2 ¼ 0:865; R2
A ¼ 0:852; r ¼ 0:110; Sreg ¼ 0:136;

Spre ¼ 0:128; q2 ¼ 0:818; F¼ 70:35; p< 0:0001

Comparing Eq. (2) with Eq. (1), we find that Eq. (2) with
larger R2, q2 and F values as well as smaller r and S values
indicates the best statistical quality, and that using q2

n�i to de-
termine the outlier is more feasible. So we will only discuss
the obtained optimal model Eq. (2) below.

The deviations of regression and prediction of Eq. (2) are
also listed in Table 2, and the correlation matrix between
pGC50 and selected parameters in Eq. (2) is listed in Table 3,
which shows that the selected parameters are independent with
small inter-correlation coefficients ðjrj < 0:35Þ. The results
show that the established QSAR model Eq. (2) is of
robustness.

A well-accepted QSAR model should be able to accurately
predict activities of new compounds. Therefore, the QSAR
model Eq. (2) was further applied to predict the cytotoxicities
of 6 compounds in the test set. From Table 4, we can find that
the predicted deviations lie in a range of �0.19 to 0.28, which
is very near to the range (�0.26 to 0.21) of regression devia-
tions for Eq. (2) in Table 2, and the resulting predictive corre-
lation coefficient R2

pred reaches 0.738. Hence, the results
obtained from the test set further demonstrate that this
QSAR model Eq. (2) is very robust and predictive, and can of-
fer some useful theoretical references for understanding the
action mechanism and directing the molecular design of this
kind of compound with high cytotoxicity. The plot of the
predicted pGC50 values based on Eq. (2) versus experimental
ones is shown in Fig. 2. Obviously, the predicted pGC50 values
are in a good agreement with experimental ones.



Table 1

Structures and experimental cytotoxicities (against human cervical epithelioid carcinoma cell line) of the flavone and isoflavone derivatives (Ref. [10])

No. Form R1 R2 R3 GC50 (mM)

1 A O
N

OH eH eH 2.0

2 A eH O
N

OH eH 1.2

3 A eH eH O
N

OH 2.0

4 B O
N

OH 9.8

5 A O
N

OMe eH eH 2.0

6a A eH O
N

OMe eH 0.9

7 A eH eH O
N

OMe 2.2

8 B O
N

OMe 8.5

9 A O

N
HO

eH eH 1.8

10 A O

N
HO

F

eH eH 2.1

11 A O

N
HO

OMe

eH eH 2.0
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Table 1 (continued )

No. Form R1 R2 R3 GC50 (mM)

12 A eH O

N
HO

eH 0.8

13 A eH O

N
HO

F

eH 1.6

14 A eH O

N
HO

OMe

eH 1.0

15a A eH eH O

N
HO

2.0

16 A eH eH O

N
HO

F

2.0

17 A eH eH O

N
HO

OMe

2.0

18 B O

N
HO

9.0

(continued on next page)
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Table 1 (continued)

No. Form R1 R2 R3 GC50 (mM)

19a B O

N
HO

F

7.8

20 B O

N
HO

OMe

7.6

21a A O

N
MeO

eH eH 1.6

22 A O

N
MeO

F

eH eH 2.0

23 A O

N
MeO

OMe

eH eH 2.0

24 A eH O

N
MeO

eH 2.4

25a A eH O

N
MeO

F

eH 2.3
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Table 1 (continued )

No. Form R1 R2 R3 GC50 (mM)

26 A eH O

N
MeO

OMe

eH 2.0

27 A eH eH O

N
MeO

6.6

28 A eH eH O

N
MeO

F

2.7

29 A eH eH O

N
MeO

OMe

2.5

30 B O

N
MeO

8.2

31 B O

N
MeO

F

6.4

32a B O

N
MeO

OMe

7.3

a Compounds in the test set.
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Table 2

Calculational results using the QSAR models

No. Form ELUMO

(a.u.)

QC6

(a.u.)

pGC50

(expt.)

Reg. dev.a

for Eq. (1)

Pred. dev.b

for Eq. (1)

q2
n�i

c Reg. dev.a

for Eq. (2)

Pred. dev.b

for Eq. (2)

1 A �0.0747 �0.2506 5.699 0.05 0.06 0.778 0.07 0.08

2 A �0.0728 0.2997 5.921 �0.05 �0.06 0.760 �0.05 �0.06

3 A �0.0706 �0.2764 5.699 �0.14 �0.14 0.787 �0.12 �0.12

4 B �0.0607 �0.2758 5.009 0.13 0.15 0.764 0.14 0.17

5 A �0.0740 �0.2507 5.699 0.02 0.02 0.758 0.04 0.04

7 A �0.0699 �0.2764 5.658 �0.12 �0.13 0.773 �0.11 �0.11

8 B �0.0599 �0.2758 5.071 0.03 0.04 0.733 0.05 0.06

9 A �0.0734 �0.2510 5.745 �0.05 �0.06 0.765 �0.03 �0.04

10 A �0.0760 �0.2504 5.678 0.13 0.14 0.774 0.15 0.17

11 A �0.0734 �0.2511 5.699 �0.01 �0.01 0.764 0.01 0.01

12 A �0.0721 0.2986 6.097 �0.26 �0.31 0.772 �0.26 �0.31

13 A �0.0742 0.2973 5.796 0.13 0.16 0.774 0.13 0.16

14 A �0.0719 0.2989 6.000 �0.17 �0.20 0.774 �0.17 �0.20

16 A �0.0715 �0.2763 5.699 �0.10 �0.10 0.783 �0.08 �0.09

17 A �0.0694 �0.2764 5.699 �0.19 �0.20 0.795 �0.17 �0.18

18 B �0.0594 �0.2754 5.046 0.04 0.04 0.751 0.05 0.06

20 B �0.0592 �0.2758 5.119 �0.04 �0.05 0.760 �0.03 �0.04

22 A �0.0753 �0.2505 5.699 0.08 0.09 0.780 0.10 0.11

23 A �0.0730 �0.2513 5.699 �0.02 �0.03 0.778 0.00 �0.01

24 A �0.0718 0.2991 5.620 0.21 0.25 0.805 0.21 0.25

26 A �0.0716 0.2992 5.699 0.12 0.15 0.781 0.12 0.14

27 A �0.0692 �0.2760 5.180 0.32 0.34 0.818 e e

28 A �0.0712 �0.2764 5.569 0.02 0.02 0.779 0.04 0.04

29 A �0.0692 �0.2764 5.602 �0.10 �0.10 0.784 �0.08 �0.09

30 B �0.0589 �0.2754 5.086 �0.02 �0.03 0.755 �0.01 �0.01

31 B �0.0617 �0.2758 5.194 �0.01 �0.01 0.765 0.00 0.00

a The regression (reg.) deviations (dev.) for all compounds, reg. dev.¼ pGC50 (reg.)� pGC50 (expt.).
b The prediction (pred.) deviation (dev.) for compound i (i¼ 1.n), pred. dev.¼ pGC50 (pred.)i� pGC50 (expt.)i, here pGC50 (pred.)i is calculated by the reg.

equation obtained after leaving compound i out.
c The square of LOO cross-validation coefficient of compound i is computed by the new cross-validation procedure after leaving this datum point (no. i) out from

n compounds.
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3.2. Discussion on the selected two parameters
Table 4

Structures and computational results for six compounds in the test set

No. Form ELUMO

(a.u.)

QC6

(a.u.)

pGC50

(expt.)

pGC50

(calc.)a
Dev.b
It is very interesting that this QSAR model Eq. (2) only has
two descriptors, moreover, they belong to quantum-chemical
descriptors, that is to say, the energy of the lowest unoccupied
molecular orbital (ELUMO) and the net charges of C atom at
site 6 on aromatic rings (QC6). These two descriptors are
most responsible for the cytotoxicity and this model shows
that decreasing ELUMO value and increasing QC6 value can
lead to an increase in cytotoxicity against HeLa.

The evaluation of the correlation coefficient of ELUMO

versus pGC50 (R¼�0.894) shows that ELUMO has the higher
contribution to the pGC50; it implies that the frontier MO-
controlled process plays a crucial role in the interaction of
the compound with biomacromolecule. Thus, decreasing the
energy of the LUMO orbital can greatly increase the activity
of the compound. From Table 1, we can easily find that the
flavone derivatives have considerably higher activities than
Table 3

Correlation matrix for pGC50 and selected parameters in the Eq. (2)

pGC50 ELUMO QC6

pGC50 1.000 e e

ELUMO �0.894 1.000 e
QC6 0.535 �0.328 1.000
the isoflavone derivatives because they have much lower
ELUMO. Such a trend can be theoretically explained by the
law of polarity alternation [28,29] and the idea of polarity in-
terference [27,30,31].

For the above purpose, we first should draw sketches of
polarity interference as Fig. 3, where a solid arrowhead toward
a more electronegative atom represents the direction of primary
bond polarity; a dotted arrowhead represents the direction of in-
duced polarity. To make a schematic map simple, we just draw
the dotted arrowheads on the bonds formed between a-site and
b-site atoms. Based on the idea of polarity interference, for
different isomers, the more the arrowheads with the same direc-
tion, the lower the energy of compound is. From Fig. 3, we can
6 A �0.0724 0.3000 6.046 5.854 �0.19

15 A �0.0695 �0.2760 5.699 5.535 �0.16

19 B �0.0634 �0.2757 5.108 5.271 0.16

21 A �0.0728 �0.2511 5.796 5.686 �0.11

25 A �0.0739 0.2977 5.638 5.918 0.28

32 B �0.0587 �0.2758 5.137 5.067 �0.07

a Predictive activities were calculated using the QSAR model.
b Dev.¼ pGC50 (calc.)� pGC50 (expt.).
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observe that flavone only has same-directional arrowheads,
while isoflavone not only has same-directional arrowheads,
but also has reverse-directional arrowheads. So we can predict
that the total energy of flavone is lower than that of isoflavone,
and correspondingly the ELUMO of flavone is generally lower
than that of isoflavone (see Table 2).

According to the molecular orbital theory of chemical reac-
tivity, the lower energy of the LUMO means the compound
more easily accepts electron in chemical reaction and thus plays
a role as an electrophilic reagent. Therefore, we can reasonably
speculate that these compounds act as election acceptors in the
interaction with drug-receptor, and electron transfer happens
from the receptor to the compound. It is well-known that
many antitumor drugs exert their action by binding to DNA
[32e34], and that the interaction between them is essentially
via orbital interaction or charge transfer process in binding of
the compound to DNA in intercalative model. Moreover,
many theoretical studies have shown that the bases and base-
pairs of DNA are electron donors, because the HOMO energy
of DNA-base-pairs is rather high (�1.27 eV) [33], whereas
the intercalative compound are electron-acceptors because their
LUMO energies are negative and quite low.

The calculations show that the LUMO energies of these
compounds are rather low (�2.07 to �0.160 eV) and all of
them are lower than the HOMO energy of DNA-base-pairs
(�1.27 eV). In addition, the main part (three aromatic rings)
flavone isoflavone

O

H

O
A

O H

OB

Fig. 3. Schematic maps of polarity interference for (A) flavone and (B)

isoflavone.
of these compounds are conjugative, (see Fig. 1) and thus
they have an excellent plane that can intercalate between
DNA-base-pairs in an intercalative mode. Hereby, the lower
the LUMO energy, the stronger the DNA-binding affinity,
and thus the higher the activity of the compound is. Therefore,
based on this action mechanism, the result that ELUMO is
selected as a very important descriptor in the QSAR model
should be reasonable.

In order to explain the action mechanism, the spatial
LUMO distributions of some compounds as examples were
drawn and shown in Fig. 4. From Fig. 4, we can clearly see
that the LUMOs of these compounds are all distributed on
the main conjugative part (composed by three aromatic rings
a, b and g). We can further find that, the LUMOs of com-
pound 12, 22 and 29, which are flavone derivatives, are
uniformly distributed on the three aromatic rings, in particular,
on ring g. However, the LUMO of compound 4, which is one
of isoflavone derivatives, is only distributed on the two
aromatic rings (a and b). The similar LUMO distribution
characteristics are also found for other flavone and isoflavone
derivatives. That is to say, the components of LUMO of the
compound with a stronger cytotoxicity against HeLa must
be distributed on the three aromatic rings, especially on phenyl
ring g. Consequently, we can suggest that the three aromatic
rings are the active parts in the interaction between the com-
pound and DNA-base-pairs, and the LUMO distribution on
ring g seems to be most important because these compounds
can be assumed to intercalate between DNA-base-pairs along
the direct of ring gebea due to a big non-conjugative substit-
uent on ring a or b.

On the other hand, the electronic parameter QC6 exhibits
positive correlation coefficient with pGC50 (R¼ 0.535), so
the higher the QC6 value, the higher the activity of the
compound is. Such regularity can be easily found through
comparisons between compounds 4 and 12, 14 and 18, and
other ones. The charges on the atom C6 may be understood
as a representation of the total charges of the conjugative
part of the compound. Since the more the total positive charge
of the conjugative part, the stronger the interaction between
the conjugative part and DNA-base-pairs, because the former
is electron-acceptor and the latter is electron-donator. We
also find that the QC6 values of the isoflavone derivatives are
all negative and their negative values are rather great (ca.
�0.2755 a.u.), so their cytotoxicities are correspondingly
smaller; on the contrary, the QC6 values of flavone derivatives
are most positive and rather great, thereby their cytotoxicities
are correspondingly higher.

On the basis of above analysis, we can clearly observe that
the two selected parameters (ELUMO and QC6) in the QSAR
model are all disadvantageous to the cytotocicity of isoflavone
derivatives against HeLa. Therefore, the established QSAR
successfully explains a very important experimental result or
regularity, i.e., flavone derivatives have considerably higher
activities than isoflavone derivatives.

It is notable that the parameters about oxime- or methylox-
ime-containing substituents do not give any significant corre-
lations with cytotoxicity of these compounds. This means



Fig. 4. Spatial LUMO distributions of some compounds.
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that they do not carry critical information on cytotoxicity. It
may relate to the fact that oxime- and methyloxime-containing
substituents play a small role in an intercalative mode because
they do not intercalate between DNA-base-pairs and thus
result in little influence for cytotoxicity of studied compounds.

In fact, here the two selected descriptors (ELUMO and QC6)
describe the molecular inherent electronic properties which
highly influence the biological activities of molecules. Such
descriptors can be easily obtained from the DFT computations,
their physical meanings are very clear, and they are easily
controlled, thus they can be effectively used in the action
mechanism analysis and molecular design. Based on the above
established model, the molecular design of the compounds
with higher anticancer activity is presented.
3.3. Design of new compounds with higher anticancer
activity
R R

Fig. 5. Schematic map of polarity interference (R¼ electron-withdrawing

group).
According to the above discussion, we can clearly see that
ELUMO plays a critical role affecting the cytotoxicity of the
studied compounds against HeLa and these compounds possi-
bly act as intercalative agents in interaction with DNA. Thus
in order to design new compounds with higher cytotoxicity
against HeLa, we should emphatically consider decreasing
the ELUMO value as well as increasing the planarity and plane
area of compound, because they greatly affect the DNA-
binding affinity of the compound. Moreover, we should only
consider the design of flavone derivatives because they have
considerably higher activities than isoflavone derivatives.

We carried out structural modification starting from com-
pound 12 as template (see Fig. 7), because it has the highest
cytotocicity. Since the substituents on compound 12 are appro-
priate, the emphasis of the molecular design will be focused
on the active three aromatic rings, especially on phenyl ring
g. Moreover, since the substitution on the 20-position or
60-position of the phenyl ring g may increase hindrance for
the DNA-binding in intercalative mode due to the chromophore
incoplanarity, the other sites on the phenyl ring g can be
considered [35]. Therefore, we only need to emphatically con-
sider the substituents on 30,40-positions or 50-position of phenyl
ring g in order to improve the cytotoxicity of compound.

In addition, we consider that the substitution of an electron-
withdrawing group can make the LUMO energy reduce,
whereas the substitution of an electron-donating group can
make the LUMO energy increase, and that electron-withdrawing
groups located on the position of same-directional interference
(alternative positions) can considerably reduce the LUMO
energy based on the law of polarity alternation and the idea of
polarity interference (see Fig. 5). In particular, we also consider
that nitro group has some excellent performance as follows: (1)
It not only has high electron-withdrawing ability but also can
conjugate with phenyl ring g, resulting in enlargement of plane
area as well as supplying more active sides. (2) It can result in
intramolecular interaction with ortho hydroxy or amido group
via intramolecular hydrogen bond to form planar six cycle
(Fig. 6).

According to the above established QSAR model and con-
siderations, 5 new compounds with higher cytotoxic activity
against HeLa have been theoretically designed. The structures
of the 5 designed compounds and their two parameter values
calculated by the same methods, as well as the pGC50 values
predicted by the QSAR model are listed in Table 5.

From Table 5, we can find that the cytotoxicities of the
designed 5 new compounds (D1eD5) are all much higher



Table 5

Structures and computational results for the 5 designed compounds

Comp. R ELUMO (a.u.) QC6 (a.u.) pGC50 (calc.)

D1 30-NO2 �0.1154 0.3021 7.700

D2 40-NO2 �0.1217 0.3030 7.970

D3 30-NO2, 50-NO2 �0.1378 0.3052 8.662

D4 40-NO2, 30-OH �0.1309 0.3033 8.365

D5 30-NO2, 40-NH2, 50-NO2 �0.1399 0.3030 8.751

N

N

O
H

O

H

N

O

O
H

O

Fig. 6. Representation of intramolecular hydrogen bonding.
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(pGC50¼ 7.7e8.7), compared with anyone of the 32 com-
pounds (1e32) in the training set and test set, because their
ELUMO values are rather lower (from �0.14 to �0.12 a.u.)
and the QC6 values keep an rather large constant
(w0.30 a.u.). Such results further suggest that this model
has a strong predictive ability and can be prospectively used
in molecular design or structural modification.

The action mechanism and design of compounds with cyto-
toxicity remain complicated, and many factors might affect
their biological activities, e.g., differences of uptake and trans-
port into cells and other physicochemical properties [36,37],
etc. Here, we just offer some theoretical considerations based
on the QSAR research and expect these results to be useful
references for the experimental works.
4. Conclusions

A QSAR of a series of lavone and isoflavone derivatives with
cytotoxicity against HeLa has been studied by using DFT and
MM2 calculations as well as statistical methods. It is very inter-
esting to find that the cytotoxicity of this kind of compound only
depend on two quantum-chemical descriptors: the LUMO energy
(ELUMO) and the atomic net charges on the C6 (QC6). The estab-
lished optimal QSAR shows not only acceptable regressive per-
formance ðR2

A ¼ 0:852Þ but also considerable predictive ability
(q2¼ 0.818). Moreover, the predictive correlation coefficient
R2

pred for the test set reaches 0.738, further showing that the estab-
lished QSAR has excellent predictive ability. Based on this
QSAR model, some useful insight into understanding the action
mechanism at molecular level are obtained as follows: (1) These
compounds can act as election acceptors in the interaction with
DNA-base-pairs. (2) A very interesting experimental result or
regularity, i.e., flavone derivatives have considerably higher
activities than isoflavone derivatives, has been reasonably
O

O

O
N

OH 1'
2'

3'

4'
R

5'
6'

Fig. 7. Structural schematic diagram of the designed compounds.
explained. In addition, 5 new compounds with higher cytotoxic-
ity have been theoretically designed. Such theoretical results can
be used as references for the further experimental works.
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