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Abstract—Quantitative structure–activity relationship studies (QSAR) on HEPTs were performed by using a new approach—super-
vised stochastic resonance (SSR) in this paper. Errors in physicochemical properties have great effects on variable selection and the
predictive capability of QSAR models but errors-in-variables were seldom discussed in QSAR. In this paper, based on the theory of
stochastic resonance (SR), SSR was proposed and employed to the problem. In SSR, errors and abundant variables were regarded
as noise and the relevant descriptors as signals. In the nonlinear systems involved in the SR, the signal and the noise interact har-
monically and the signal was consequently enhanced. Therefore, the correlation between the relevant variables and a specified activ-
ity of a series molecule was improved by SSR. It is demonstrated that the obtained QSAR models for HEPT analogues by SSR were
comparable to those by published methods in their stability and predictivity. SSR is an efficient and promising approach to QSAR
studies.
� 2006 Elsevier Ltd. All rights reserved.
The aim of quantitative structure–activity relationship
(QSAR) studies is to build predictive models for the
activities of molecules using their physicochemical prop-
erties.1 In QSAR, numerous descriptors—physicochem-
ical properties are immediately available by using
computational and experimental methods. Generally,
molecule descriptors can be divided into three main cat-
egories, that is, hydrophobic properties, steric parame-
ters, and electric effects, with a ‘miscellaneous’ group
encompassing quite a wide variety of properties and
chemical model systems.2 Computational descriptors de-
rived from quantum chemistry computation and topo-
logical indexes are prevalent in QSAR studies for their
ready calculation and capability to explain various bio-
activities. However, the theoretical simplification and
adopted parameters of atoms and chemical bonds bring
errors into these descriptors. The errors will spoil the
predictive capability of obtained QSAR models and
make it difficult to reveal true structure descriptors to
explain studied activity. Therefore, errors have great
effect in QSAR studies.
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However, errors-in-variables do not always bring about
negative effects. Based on stochastic resonance (SR), er-
rors can be utilized to improve the correlation between
the relevant descriptors and a specified bioactivity. SR
is a phenomenon where nonlinear systems produce a
strong response to a weak signal with the presence of
noise.3 That means the weak signal is enhanced. In the
past decades, SR has been found in various scientific
fields.4–7 Recently, SR was applied in analytical chemis-
try to amplify weak signals8,9 and improve the detection
limit of analytical methods.10,11 Cross-validation rela-
tionship coefficients of models built by SR for a Sel-
wood’s dataset,12 which contains antifilarial activities
of 31 antimycin analogues and 53 descriptors, were also
improved 10 percent in average compared with tradi-
tional methods.13,14 SR is a promising powerful tool in
analytical chemistry.

In QSAR studies, it is believed that bioactivities were
functions of those related descriptors.1,2,15 Irrelevant
descriptors, however, vary independently or randomly
with the bioactivity compared with related ones. There-
fore, the relevant and irrelevant descriptors can be taken
as signals and noise, respectively. In proper nonlinear
systems involved in SR, the signal and the noise, which
includes errors-in-variables and irrelevant descriptors,
interact harmonically to result in the improvement of
the descriptors. Thus, the models derived from the
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modified dataset by SR should be more stable and pre-
dictive. In the SR, the signals were particularly assigned
according to the correlation between variables and a
concrete bioactivity, that is, occurrence of the SR was
observed by the means of the change of the correlation.
Therefore, the proposed algorithm is called supervised
stochastic resonance (SSR). The theory and algorithm
of SSR are available in Refs. 3,11 and 12 and Support-
ing information.

The study on anti-HIV-1 products has been a focus for a
long time.16–18 HEPT (1-[(2-hydroxyethoxy)methyl]-6-
(phenylthio)thymine) derivatives, whose scheme is
shown in Figure 1, have potent anti-HIV-1 activity
and inhibit HIV-1 at nanomolar concentration.19 There-
fore, QSAR studies on the analogues were paid general
attention.17,18,20–24 In this work, a group of 80 HEPT
analogues were studied by using SSR. The activity data
were taken from Ref. 18, in which 107 compounds were
studied. Because the observed concentration of the last
28 molecules (number 81–107) was not accurate,18,23

we merely studied number 1–80 molecules. Chemical
structures of the 80 compounds studied and their ob-
served and calculated anti-HIV-1 activity are shown in
Table 1. The bioactivity was present in logarithm of
1/C with C denoting the molar concentration of drug re-
quired to achieve 50% protection of MT-4 cells against
the cytopathic effect of HIV-1. The overall picture,
which emerges from published QSAR studies, shows
that the electronic and steric characteristics of the HEPT
derivatives have predominant effects on the anti-HIV-1
activity of the analogues.17–24 Therefore, electronic
descriptors and molecule connectivity indexes were used
to model the anti-HIV activity of the large group in this
work. The former resulted from semiempirical molecule
orbit computation by the program of MOPAC with the
AM1 Hamilton, which include heat of formation (Hf),
total energy (Et), electronic energy (Ee), core–core repul-
sion (Ec), ionization potential (Ei), dielectric energy (Ed),
HOMO and LUMO energies (HOMO, LUMO) and
their difference (DE), total dipole contribution (Dt) and
3D components (Dx,y,z), 3D principal moments of iner-
tia (Ia,b,c), and net charge of atoms 1–16 (q1-16). In addi-
tion, there also were molecular weight (WM), COSMO
area (Ac) and volume (Vc). There totally were 38 quan-
tum chemical descriptors. The latter was calculated by
our program developed according to the theory of Kier
and Hall.25 The large group descriptors include path,
path/cluster, and chain types to the ninth order since
the large substitute functions were thought as important
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Figure 1. The scheme of HEPT analogues.
roles in the anti-HIV activity.21–23 Additionally, the type
of chain/path (vChP) was used in the work to investigate
the effect of the substitution position on the anti-HIV1
activity of the series compound. Therefore, the following
connectivity indexes calculated on whole molecule were
considered: 0v, 1–9vP, 4–12vPC, 6vCh, and 7–14vChP, totally
28 topological descriptors.

Besides these variables, several descriptors used in pre-
vious works’ models18,23 were also employed in this
work, which include reciprocal of the standard shad-
ow area on YZ plane, 1/S, ratio of the partial charges
on the most positive and the most negative atoms,
POS/NEG, square of the number of SP3 carbon
atoms of the R2 substituent, (NCSP3–R2)2, number
of hydroxyl groups on the R3 substituent, (NOH–
R3)2, cub of summation of the positions of R1 on
the C-6 aromatic ring constant, (NS–R1)3, the Hansch
constant,

P
p(R1 + R2), the Taft steric constant for

ortho substituents, ES(2R1), the differential molecular
connectivity indexes of zeroth in the acyclic structure,
0Dv(R3), the width parameters of R1 at the 3-position,
B1(3R1), the McGowan characteristic volume, Vx, and
the index of connectivity level, 1vN

P ðR
2Þ, 4vN

P , which are
calculated by dividing the value of the 1vP (R2), 4vP by
the number of atoms involved in their calculus,
respectively. Finally, a total of 80 descriptors were
generated/collected for each molecule.

Before applying SSR to the QSAR study of HEPT ana-
logues, MLR was performed on the compounds present
in Table 1. Correlation Eq. 1 was obtained for 80 mole-
cules after the stepwise feature selection mentioned
above.

log 1=C ¼ 1:69ð�0:65Þ � 0:54ð�0:15Þq6

� 0:36ð�0:06ÞNOH–R3

þ 0:75ð�0:22ÞPOS=NEG

þ 5:75ð�1:30Þ9vChP � 2:89ð�0:47Þ5vPC

þ 2:82ð�0:86Þ6vPC � 2:14ð�0:45Þ10vPC

� 1:14ð�0:38Þ8vChP

n ¼ 80; R2 ¼ 0:8731; Q2 ¼ 0:8368;

PRESS ¼ 23:0463; F ¼ 60:19. ð1Þ
In this work, all 80 samples were included to develop the
QSAR models, while Luco and Ferretti listed the sample
34 as an outlier for their equation.18 The reason they ex-
plained was that the fact that none of their descriptors
used to account for the total loss of activity resulting
from the substitution at 4-position of the 6-(phenylthio)
moiety of HEPT. It seems appropriate to compare the
equations with those in references also built by MLR.
The statistics of the reported equations for 80 com-
pounds were n = 79, R2 = 0.901, Q2 = 0.745 (1 outlier)18

and n = 79, R2 = 0.871, Q2 = 0.840 (1 outlier)22 and
n = 80, R2 = 0.812, F = 52.23 It was clear that the statis-
tics of Eq. 1 were comparable with those reported MLR
models, especially in cross validation. On the other
hand, it should be noticed that high order connectivity



Table 1. Components and their calculated and observed activities

Compound R1 R2 R3 X Obsda Calcdb Calcdc

1 Me 2-Me CH2OCH2CH2OH O 4.15 4.2533 4.2427

2 Me 2-NO2 CH2OCH2CH2OH O 3.85 3.8625 3.8715

3 Me 2-OMe CH2OCH2CH2OH O 4.72 4.6492 4.6489

4 Me 3-Me CH2OCH2CH2OH O 5.59 4.9915 4.9872

5 Me 3-Et CH2OCH2CH2OH O 5.57 5.1006 5.1030

6 Me 3-t-Bu CH2OCH2CH2OH O 4.92 5.1720 5.1818

7 Me 3-CF3 CH2OCH2CH2OH O 4.35 4.5964 4.6146

8 Me 3-F CH2OCH2CH2OH O 5.48 5.0852 5.0833

9d Me 3-Cl CH2OCH2CH2OH O 4.89 5.0239 5.0154

10 Me 3-Br CH2OCH2CH2OH O 5.24 5.1280 5.1255

11 Me 3-I CH2OCH2CH2OH O 5.00 5.3939 5.3930

12 Me 3-NO2 CH2OCH2CH2OH O 4.47 4.2364 4.2494

13 Me 3-OH CH2OCH2CH2OH O 4.09 5.1132 5.1160

14 Me 3-OMe CH2OCH2CH2OH O 4.66 5.0490 5.0534

15 Me 3,5-Me2 CH2OCH2CH2OH O 6.59 5.8124 5.8092

16 Me 3,5-Cl2 CH2OCH2CH2OH O 5.89 6.1783 6.1775

17 Me 3,5-Me2 CH2OCH2CH2OH S 6.66 5.7720 5.7704

18 Me 3-COOMe CH2OCH2CH2OH O 5.10 5.6166 5.6294

19 Me 3-COMe CH2OCH2CH2OH O 5.14 5.3420 5.3490

20 Me 3-CN CH2OCH2CH2OH O 5.00 5.2101 5.2135

21 CH2CH@CH2 H CH2OCH2CH2OH O 5.60 5.3367 5.3493

22 Et H CH2OCH2CH2OH S 6.96 6.6752 6.6947

23 Pr H CH2OCH2CH2OH S 5.00 5.6639 5.6796

24d i-Pr H CH2OCH2CH2OH S 7.23 7.3819 7.4006

25 Et 3,5-Me2 CH2OCH2CH2OH S 8.11 7.5838 7.5955

26 i-Pr 3,5-Me2 CH2OCH2CH2OH S 8.30 8.8331 8.8669

27 Et 3,5-Cl2 CH2OCH2CH2OH S 7.37 7.4708 7.4856

28 Et H CH2OCH2CH2OH O 6.92 6.3923 6.4094

29 Pr H CH2OCH2CH2OH O 5.47 5.2472 5.2599

30d i-Pr H CH2OCH2CH2OH O 7.20 7.2403 7.2647

31 Et 3,5-Me2 CH2OCH2CH2OH O 7.89 7.2549 7.2656

32 i-Pr 3,5-Me2 CH2OCH2CH2OH O 8.57 8.4273 8.4508

33 Et 3,5-Cl2 CH2OCH2CH2OH O 7.85 7.3950 7.4068

34 Me 4-Me CH2OCH2CH2OH O 3.66 5.2688 5.2747

35 Me H CH2OCH2CH2OH O 5.15 5.0496 5.0585

36 Me H CH2OCH2CH2OH S 6.01 5.6125 5.6233

37 I H CH2OCH2CH2OH O 5.44 5.4494 5.4577

38 CH@CH2 H CH2OCH2CH2OH O 5.69 6.4706 6.4978

39 CH@CHPh H CH2OCH2CH2OH O 5.22 4.7224 4.7180

40 CH2PhH H CH2OCH2CH2OH O 4.37 5.9060 5.9150

41 CH@CPh2 H CH2OCH2CH2OH O 6.07 5.4654 5.4728

42d Me H CH2OCH2CH2OMe O 5.06 5.0839 5.0945

43 Me H CH2OCH2CH2OAc O 5.17 4.9605 4.9727

44 Me H CH2OCH2CH2OCOPhO O 5.12 4.6613 4.6366

45 Me H CH2OCH2Me O 6.48 6.0851 6.0992

46 Me H CH2OCH2CH2Cl O 5.82 5.6344 5.6475

47 Me H CH2OCH2CH2N3 O 5.24 5.5133 5.5249

48 Me H CH2OCH2CH2F O 5.96 5.4382 5.4495

49 Me H CH2OCH2CH2Me O 5.48 5.4617 5.4751

50 Me H CH2OCH2Ph O 7.06 6.4580 6.4550

51 Et H CH2OCH2Me O 7.72 7.2435 7.2643

52 Et H CH2OCH2Me S 7.58 7.2625 7.2850

53 Et 3,5-Me2 CH2OCH2Me O 8.24 8.2473 8.2654

54 Et 3,5-Me2 CH2OCH2Me S 8.30 8.0135 8.0289

55 Et H CH2OCH2Ph O 8.23 7.5307 7.5383

56 Et 3,5-Me2 CH2OCH2Ph O 8.55 8.3307 8.3297

57 Et H CH2OCH2Ph S 8.09 7.6889 7.6983

58 Et 3,5-Me2 CH2OCH2Ph S 8.14 8.5398 8.5436

59d i-Pr H CH2OCH2Me O 7.99 8.1295 8.1490

60 i-Pr H CH2OCH2Ph O 8.51 8.7177 8.7417

61 i-Pr H CH2OCH2Me S 7.89 7.3761 7.3980

62 i-Pr H CH2OCH2Ph S 8.14 8.7238 8.7569

63 Me H CH2OMe O 5.68 6.6227 6.6482

64 Me H CH2OBu O 5.33 5.4060 5.4201

65 Me H Et O 5.66 5.7814 5.8027

(continued on next page)
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Table 1 (continued)

Compound R1 R2 R3 X Obsda Calcdb Calcdc

66 Me H Bu O 5.92 6.0885 6.1072

67 Et 3,5-Cl2 CH2OCH2Me S 7.89 8.3615 8.3875

68d Et H CH2O–i-Pr S 6.66 6.8099 6.8267

69 Et H CH2O–c-Hex S 5.79 6.2594 6.2629

70 Et H CH2OCH2-c-Hex S 6.45 5.8559 5.8508

71 Et H CH2OCH2C6H4(4-Me) S 7.11 7.7767 7.7793

72 Et H CH2OCH2C6H4(4-Cl) S 7.92 7.9244 7.9246

73 Et H CH2OCH2CH2Ph S 7.04 7.1794 7.1718

74 Et 3,5-Cl2 CH2OCH2Me O 8.13 8.2224 8.2407

75 Et H CH2O–i-Pr O 6.47 6.6886 6.7126

76 Et H CH2O–c-Hex O 5.40 6.2403 6.2426

77 Et H CH2OCH2-c-Hex O 6.35 5.6011 5.5954

78d Et H CH2OCH2CH2Ph O 7.02 7.0803 7.0796

79 c-Pr H CH2OCH2Me S 7.02 6.8185 6.8372

80 c-Pr H CH2OCH2Me O 7.00 6.6118 6.6284

a Ref. 18.
b Calculated by Eq. 2.
c Calculated by Eq. 3.
d Prediction set.
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Figure 2. Plot of calculated activity against the experimental values.
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indexes are important roles in Eq. 1. The fact implied
that the high order indexes can effectively explain the
experimental errors of the anti-HIV1 activity of HEPTs.
This should be due to the capability of the high order
indexes to identify the different substituted position
and the size of the substituents. For instance, in Eq. 1,
the chain/path type 9vChP is sensitive to the introduction
of substituents in 2, 6, and 9. As to the path/cluster type
10vPC, it will contain more terms embracing heteroatoms
when the substitution occurs in 2 or 3 than in 4 while the
hetero atoms have greater effect on the index values than
carbon according to the definition of connectivity index-
es. The results obtained by SSR supported the fact
further.

After the optimization of SSR, the following correlation
Eq. 2 was derived for the components at a = 1.35640
and b = 0.0306.

log 1=C ¼ 81:23ð�6:44Þ þ 21:68ð�1:05Þ9vChP

þ 18:16ð�2:36Þ12vPC � 25:78ð�2:17Þ7vP

� 1:71ð�0:33Þq4 � 2:27ð�0:88Þ6vCh

þ 2:17ð�0:60ÞPOS=NEG

n ¼ 80; R2 ¼ 0:8858; Q2 ¼ 0:8623;

PRESS ¼ 19:4396; F ¼ 93:06. ð2Þ
Obviously, SSR does not only improve the statistics of
the model, but simplifies it as well. There are merely
six variables in Eq. 2, while eight variables in Eq. 1.
The predicted bioactivities are listed in Table 1 and
the plot of the predicted values versus observed is shown
in Figure 2. Although the correlation coefficient (R2)
of the model was not as good as that obtained by Luco
and Ferretti using MLR (n = 79, R2 = 0.9006,
Q2 = 0.7448),18 the predictive one (Q2) was much better
than that obtained by them. It was also better than the
mean Q2 obtained by ANN which was 0.7997 calculated
by leave six samples out cross-validation procedure.23

And the results were comparable to those coming from
PLS (n = 79, R2 = 0.8892, Q2 = 0.8593).18 It was clear
that the high order topological indexes were still an
important role effecting the activities of 80 components.

In this equation, several high order indexes were also
selected in the work and their effects were further
emphasized after SR. For the 34th molecules, except
for ordinary terms, the path type 7vP additionally in-
cludes a term containing S (7,2) (the first number in
parentheses is the atom number in Figure 1 and the
second is the connective degree of the atom, and the
followings have the same meaning) and N(13,3).
While as the substituent was introduced at 3- or 5-po-
sition, 12vPC covers two extra terms embracing
O(15, 1) and O/S(16, 1), respectively. But the substitut-
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ed compound at 4-position does not. Additionally,
the descriptor POS/NEG was the same important
role as in Ref. 23 and the net charge of atom 4
(q4) is directly effected on by the position of substi-
tute. This was the reason that our equation had
stronger ability to explain the observed activity values
with satisfying statistics. Apparently, the high order
connectivity indexes accompanied by the net charge
of atoms can well explain the anti-HIV activities of
the 80 HEPTs.

Randomly leaving seven samples out as a prediction set,
a new model (Eq. 3) can be obtained by using 73
samples.

log 1=C ¼ 81:27ð�6:88Þ þ 21:80ð�1:17Þ9vChP

þ 18:47ð�2:64Þ12vPC � 26:04ð�2:39Þ7vP

� 1:73ð�0:35Þq4 � 2:40ð�1:01Þ6vCh

þ 2:16ð�0:63ÞPOS=NEG

n ¼ 73; R2 ¼ 0:8788; Q2 ¼ 0:8524;

PRESS ¼ 19:5440; F ¼ 79:76. ð3Þ
The predicted values of the prediction set are listed in
Table 1. The root mean square deviation (rmsd) was
0.1235 for the seven samples. Obviously, the predictive
ability of the model was satisfying.

In conclusion, the new approach to QSAR studies—
supervised stochastic resonance (SSR) was developed
in this work. The conceptions of noise and signal in
SR phenomenon were given a new general definition
to build the new algorithm. The successful applica-
tions of SSR to the QSAR study for the large group
of HEPT derivatives implied that the new approach
was efficient and feasible. The models obtained by
SSR were more stable and predictive than those by
ordinary methods. And the essential mechanism of
bioactivity may be revealed after SR. It was demon-
strated that SSR was a promising approach to QSAR
studies not only to build QSAR models but to find
the mechanics of bioactivities.
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