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Abstract—One hundred seven 2-arylquinolin-4-amines were assayed in vitro for inhibition of the immunostimulatory effect of oli-
godeoxynucleotides containing a CpG-motif. The compounds are functionalized with various basic and non-basic groups at the aryl
moiety and at the amino substituent of the quinolin-4-amine, and some of them contain an additional substituent at position 6 or 7
of the quinoline. Activities of these antagonists, expressed as EC50 values, range from 0.2 to 200 nM. A statistically significant struc-
ture-activity correlation was obtained for the Fujita-Ban variant of the classical Free-Wilson analysis. The CoMFA results derived
from several models consistently indicate that electrostatic interactions of the molecules with a biological receptor contribute to
biological activities to a greater extent than steric effects.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Bacterial DNA, oligodeoxynucleotides (ODN), and
phosphorothioate ODN are immunostimulatory.1 The
recognition of the foreign DNA by the innate and adap-
tive immune systems of vertebrates is based upon the ex-
tent of methylation of CpG dinucleotide motifs.2 While
in vertebrate DNA about 70% of the cytosines are meth-
ylated, bacterial DNA contains mostly unmethylated
CpG motifs. The responsiveness of the immune system
to CpG-DNA is correlated with expression of the
Toll-Like-Receptor-9 (TLR-9)3 which activates a signal
transduction pathway leading to inflammatory respons-
es and the induction of various genes involved in defense
system.4 Macfarlane showed that quinacrine, chloro-
quine, and analogs inhibit the immunostimulatory effect
of CpG-ODN in vitro.5 Interestingly, quinacrine, chlo-
roquine, and hydroxychloroquine (plaquenil) induce
remission of systemic lupus erythematosus and rheuma-
toid arthritis.6,7 Oligodeoxynucleotides are actively
transported by cells to acidified vesicles. The inhibitory
compounds also partition into acidified vesicles, but
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they have negligible influence on vesicular pH at concen-
trations required to suppress signal transduction.8 Re-
combinant TLR-9 directly binds CpG-ODN at acid
pH, and this binding is inhibited by chloroquine and
quinacrine.9 Following these reports we have undertak-
en a major project aiming at the identification of highly
potent antagonists of immunostimulatory bacterial
DNA.8,10–12 Since CpG-ODN mimic the action of bacte-
rial DNA in vitro, this finding has been the basis for the
development by Macfarlane of a simple and highly reli-
able assay in vitro for the effectiveness of potential
antagonists.5 In our previous studies, different classes
of compounds have been screened by using this assay
and subjected to SAR analyses. It has been shown that
the most active compounds are basic quinolin-4-amines
substituted at position 2 with an aryl group and the
number of basic groups does not correlate with activity.
The structure of the biological receptor of the quinoline
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antagonists of immunostimulatory CpG-DNA is not
known.
This report describes the Fujita-Ban QSAR analysis and
CoMFA study of 107 quinoline antagonists. The results
provide guidelines for the design of improved antagonists.
2. Results and discussion

2.1. Quinolines 1–107

The synthesis has been reported elsewhere.10–23 The gen-
eral structure together with the structures of various
substituents R1–R44 at the quinoline system is given in
Table 1. All individual quinolines with the particular
substituents R1–R44 are listed in Table 2. The quinolines
are substituted at position 2 with 20 aryl groups
(R1–R20), at position 4 with 20 complex amino moieties
(R21–R40), and several compounds contain additional
substituents (R41–R44) at position 6 or 7.

2.2. Antagonism of immunostimulatory CpG-ODN

The ability of quinoline derivatives to inhibit the action of
CpG-ODN was assessed in vitro using WEHI 231 B-cell
lymphoma cells as previously described.5 The experimen-
tal activities of individual compounds were expressed as
logarithms of the effective molar concentrations at 50%
inhibition [�log(EC50)]. These values are presented in
Table 2 in descending order for a direct, qualitative
SAR analysis. The quantitative analyses by using classical
QSAR and CoMFA studies are discussed below.

2.3. Classical QSAR

2.3.1. General. The Fujita-Ban QSAR analysis,24,25

which is a modified Free-Wilson methodology, was con-
ducted with the training set of 101 compounds and the
test set of 6 compounds. Compounds of the test set are
printed in boldface in Table 2. The individual substitu-
ent, from R1 to R44, at the quinoline is present in at least
two molecules, which is the general requirement of this
non-parametric analysis. For every compound of the ser-
ies the experimental values of biological activity (EC50,
molar concentrations) used in the logarithmic scale are
expressed as the sum of the activity contributions a of
the substituents R1–R44, referring to theoretical biologi-
cal activity of the arbitrarily chosen reference compound
40. By definition, the contributions of the substituents R8

and R29 in 40 are taken as zero. A statistically significant
function was obtained for the training set of 101 com-
pounds (Eq. 1), where N is number of compounds, r2 is
squared correlation coefficient, s is standard deviation
of the regression, and F is value of the Fisher’s test.

� logðEC50Þ ¼ 7:79þ RaR

N ¼ 101; r2 ¼ 0:886; s ¼ 0:368; F ¼ 10:763
ð1Þ

The corresponding individual contributions aR of
the substituents R are listed in descending order in
Table 1. The validity of this model was confirmed by
using a randomly selected set of 6 compounds for exter-
nal predictivity. The results are also summarized in Ta-
ble 2, showing excellent predictivity. The r2 value for
predictivity is 0.918. The function 1 demonstrates that
the partial contributions aR of substituents at the quin-
oline to the overall biological activity of the compounds
are additive. The physical meaning is that these com-
pounds interact in a specific fashion with the biological
receptor, presumably TLR-9. The effects of the particu-
lar substituents are summarized as follows.

2.3.2. Aryl group at position 2 of the quinoline. The refer-
ence aryl moiety is para-tolyl R8. The para-piperazin-
ophenyl R1 shows the greatest aR value within the
analyzed set of substituents R1–R20. Inspection of the
contributions of isomeric substituted phenyl groups re-
veals that the aR values decrease in the order of para >
meta > ortho: R8 (p) > R11 (m) > R20 (o), R1 (p) > R7

(o), R3 (p) > R5 (m), R10 (p) > R15 (m) > R17 (o), and
R12 (m,p) > R14 (o,p). Since these sets of isomeric substi-
tuted phenyl groups include both electron-rich and elec-
tron-deficient moieties, it can be concluded that the
electron density at the aryl group is not a primary
determinant of biological activity. Within a series of
isomeric molecules the highest activity is observed for
molecules without a steric bulk at the ortho or meta
position of the phenyl group. An interesting observation
is a relatively high contribution of the ortho-[[2-(dim-
ethylamino)ethyl]amino]phenyl group R4 (Table 1).
Accordingly, it can be predicted that the activities of
quinolines substituted with the isomeric para- or meta-
(Me2NCH2CH2NH)Ph group will be greater than those
for the corresponding compounds bearing the R4 (o)
group.

2.3.3. Substituted amino group at position 4 of the
quinoline. The reference amino moiety is [2-(dimethyla-
mino)ethyl]amino (R29). Its analogs show a wide range
of aR values suggesting a highly specific interaction of
the substituted molecules with the biological receptor.
Interestingly, the non-basic 4-hydroxyphenylamino
group R40 and its basic 3,5-bis(4-methylpiperazinometh-
yl)-substituted analog R21 show the lowest and the high-
est contributions, respectively.

2.3.4. Substituents at position 6 or 7 of the quinoline.
While the chlorine (R41) and fluorine (R42) atoms at po-
sition 6 and the trifluoromethyl group (R44) at position 7
of the quinoline are electron-withdrawing, the phenyl
group (R43) is electron-donating relative to the elec-
tron-deficient quinoline system. All R41–R44-substituted
quinolines show decreased activity relative to their
unsubstituted counterparts, suggesting unfavorable ste-
ric interactions of the substituted molecules with the
receptor.

2.4. CoMFA

2.4.1. Conformational analysis. Comparative molecular
field analysis is used to calculate electrostatic and steric
properties of the molecules according to the respective
Coulomb and Lennard-Jones potentials.26 The generat-
ed models characterize relative changes in magnitude of



Table 1. Substituents R at positions 2, 4, 6, and 7 of the quinoline in compounds 1–107 and substituent contributions aR from Fujita-Ban analysis
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electrostatic and steric fields as a function of the sample
chosen from the data set. Geometry of molecules must
be optimized in the first step.26 One of the major features
of 2-arylquinolines is equilibrium conformation around
the torsional bond of the quinoline-aryl system. In this
work, the geometry in solution of a template molecule
2 was studied by proton NOE NMR, and then the re-
sults were compared with the computed structures of 2
using two force fields, namely MMFF94 field and Tri-
pos field, as implemented in the SYBYL program. Since



Table 2. Experimental and predicted activities of the training set of 101 quinolines and the test seta of 6 quinolines using Fujita-Ban QSAR analysis

and CoMFA study

Quinoline Activity, �log(EC50)b

Substituent at Calculated

C2 C4 C6 C7 Exptla CoMFA Residual Fujita-Ban Residual

1 R2 R21 — — 9.62 9.52 0.10 9.51 0.11

2 R1 R29 — — 9.12 8.97 0.15 8.88 0.24

3 R1 R25 — — 9.00 8.60 0.40 8.98 0.02

4 R2 R22 — — 8.94 8.98 �0.04 9.13 �0.19

5 R1 R31 — — 8.91 8.91 0.00 8.87 0.04

6a R1 R23 — — 8.84 8.76 0.08 9.06 �0.22

7 R8 R21 — — 8.84 8.72 0.12 8.93 �0.09

8 R1 R29 R41 — 8.84 8.68 0.16 8.70 0.14

9 R1 R28 — — 8.82 8.76 0.06 8.90 �0.08

10 R10 R21 — — 8.76 8.66 0.10 8.78 �0.02

11 R8 R22 — — 8.75 8.86 �0.11 8.56 0.19

12 R1 R32 — — 8.72 8.77 �0.05 8.80 �0.08

13 R1 R24 — — 8.70 8.75 �0.05 9.04 �0.34

14 R2 R24 — — 8.69 8.62 0.07 8.52 0.17

15a R1 R35 — — 8.66 8.58 0.08 8.65 0.02

16 R1 R30 — — 8.62 8.83 �0.21 8.88 �0.26

17 R1 R39 — — 8.57 8.39 0.18 7.93 0.64

18 R3 R30 — — 8.49 8.21 0.28 8.22 0.27

19 R1 R37 — — 8.48 8.30 0.18 8.09 0.39

20 R2 R35 — — 8.45 8.32 0.13 8.13 0.32

22 R2 R31 — — 8.40 8.38 0.02 8.35 0.05

21 R5 R25 — — 8.43 8.32 0.11 8.11 0.32

23 R1 R34 — — 8.31 8.31 0.00 8.68 �0.37

24 R9 R29 — — 8.27 8.31 �0.04 7.77 0.49

25a R2 R26 — — 8.27 7.64 0.63 8.41 �0.14

26 R10 R31 — — 8.26 8.53 �0.27 8.30 �0.04

27 R1 R36 — — 8.26 8.66 �0.40 8.59 �0.33

28 R4 R31 — — 8.23 8.20 0.03 8.18 0.05

29 R2 R32 — — 8.23 8.51 �0.28 8.28 �0.05

30 R4 R29 — — 8.19 7.95 0.24 8.20 �0.01

31 R2 R29 R43 — 8.19 8.27 �0.08 7.64 0.55

32 R3 R33 — — 8.17 8.28 �0.11 8.04 0.13

33 R3 R29 — — 8.15 7.88 0.27 8.22 �0.07

34 R5 R24 — — 8.11 8.35 �0.24 8.17 �0.06

35 R3 R25 — — 8.04 8.31 �0.27 8.32 �0.28

36 R2 R29 — — 8.04 8.19 �0.15 8.37 �0.33

37a R2 R25 — — 7.96 8.04 �0.08 8.46 �0.50

38 R8 R25 — — 7.94 7.71 0.23 7.89 0.05

39 R6 R37 — — 7.92 8.12 �0.20 7.16 0.76

40 R8 R29 — — 7.91 7.62 0.29 7.89 0.02

41 R10 R24 — — 7.88 8.08 �0.20 7.79 0.09

42 R11 R25 — — 7.88 7.71 0.17 7.64 0.24

43 R7 R29 R42 — 7.88 7.84 0.04 7.47 0.41

44 R2 R38 — — 7.87 7.65 0.22 7.49 0.38

45 R11 R31 — — 7.86 7.68 0.18 7.73 0.13

46 R8 R33 — — 7.86 7.95 �0.09 7.61 0.25

47 R11 R24 — — 7.85 7.93 �0.08 7.70 0.15

48 R10 R23 — — 7.81 7.62 0.19 7.81 0.00

49 R9 R25 — — 7.80 8.17 �0.37 7.87 �0.07

50 R10 R34 — — 7.80 7.78 0.02 7.43 0.37

51 R10 R26 — — 7.77 7.68 0.09 7.68 0.09

52 R10 R31 — — 7.76 7.50 0.26 7.62 0.14

53 R11 R29 — — 7.74 7.48 0.26 7.54 0.20

54 R10 R28 — — 7.73 7.56 0.17 7.65 0.08

55 R8 R27 — — 7.73 7.57 0.16 7.81 �0.08

56 R13 R25 — — 7.69 7.71 �0.02 7.47 0.22

57 R10 R32 — — 7.69 7.64 0.05 7.55 0.14

58 R10 R36 — — 7.68 7.40 0.28 7.35 0.33

59 R11 R26 — — 7.66 7.71 �0.05 7.58 0.08

60 R8 R26 — — 7.66 7.89 �0.23 7.83 �0.17

61 R11 R27 — — 7.65 7.73 �0.08 7.57 0.08

62 R10 R30 — — 7.62 7.40 0.22 7.63 �0.01

(continued on next page)

E. Paliakov et al. / Bioorg. Med. Chem. 15 (2007) 324–332 327



Table 2 (continued)

Quinoline Activity, �log(EC50)b

Substituent at Calculated

C2 C4 C6 C7 Exptla CoMFA Residual Fujita-Ban Residual

63 R8 R35 — — 7.57 7.60 �0.03 7.55 0.02

64 R11 R33 — — 7.56 7.51 0.05 7.36 0.20

65 R12 R29 — — 7.45 7.43 0.02 7.46 �0.01

66 R7 R29 — — 7.41 7.54 �0.13 7.83 �0.42

67 R14 R29 — — 7.38 7.18 0.20 7.31 0.07

68 R9 R31 — — 7.33 7.67 �0.34 7.76 �0.43

69 R11 R35 — — 7.30 7.37 �0.07 7.31 �0.01

70 R10 R29 — — 7.29 7.41 �0.12 7.64 �0.35

71 R6 R25 — — 7.28 7.35 �0.07 8.04 �0.76

72a R10 R29 R41 — 7.28 6.82 0.46 7.45 �0.17

73 R3 R39 — — 7.23 7.22 0.01 7.27 �0.04

74 R10 R35 — — 7.17 7.38 �0.21 7.40 �0.23

75 R11 R29 — — 7.14 7.17 �0.03 7.54 �0.40

76 R12 R29 R42 — 7.10 6.85 0.25 7.09 0.01

77 R5 R39 — — 7.00 7.13 �0.13 7.05 �0.05

78 R8 R38 — — 6.98 7.04 �0.06 6.92 0.06

79 R17 R25 — — 6.97 7.16 �0.19 6.92 0.05

80 R17 R31 — — 6.97 6.75 0.22 6.81 0.16

81 R5 R38 — — 6.92 7.04 �0.12 7.13 �0.21

82 R7 R39 — — 6.88 7.03 �0.15 6.87 0.01

83 R14 R29 R42 — 6.85 6.85 0.00 6.95 �0.10

84 R8 R40 — — 6.82 6.76 0.06 6.37 0.45

85 R18 R29 — — 6.81 6.95 �0.14 6.78 0.03

86 R16 R37 — — 6.81 6.58 0.23 6.24 0.57

87 R19 R29 — — 6.79 6.89 �0.10 6.65 0.14

88 R20 R25 — — 6.73 6.61 0.12 6.63 0.10

89 R10 R38 — — 6.72 6.80 �0.08 6.76 �0.04

90 R11 R38 — — 6.71 6.85 �0.14 6.67 0.04

91 R17 R24 — — 6.69 6.90 �0.21 6.82 �0.13

92 R15 R29 R42 — 6.55 6.59 �0.04 6.76 �0.21

93 R2 R40 — — 6.50 6.61 �0.11 6.95 �0.45

94 R18 R29 R42 — 6.39 6.76 �0.37 6.42 �0.03

95a R12 R29 — R44 6.39 6.36 0.03 6.37 0.02

96 R10 R37 — — 6.38 6.24 0.14 6.85 �0.47

97 R17 R29 R42 — 6.38 6.35 0.03 6.46 �0.08

98 R19 R29 R41 — 6.33 6.36 �0.03 6.47 �0.14

99 R8 R37 — — 6.31 6.49 �0.18 7.00 �0.69

100 R10 R29 — R44 6.31 6.35 �0.04 6.55 �0.24

101 R16 R33 — — 6.28 6.35 �0.07 6.85 �0.57

102 R13 R38 — — 6.27 6.28 �0.01 6.49 �0.22

103 R14 R29 — R44 6.26 6.36 �0.10 6.23 0.03

104 R15 R29 — R44 6.26 6.08 0.18 6.05 0.21

105 R11 R37 — — 6.19 6.31 �0.12 6.75 �0.56

106 R20 R35 — — 6.19 6.08 0.11 6.29 �0.10

107 R2 R39 R43 — 6.13 6.19 �0.06 6.68 �0.55

a Compounds of the test set.
b EC50 is an effective molar concentration for 50% inhibition.
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the use of the former force field produced a better
approximation of the experimentally derived conforma-
tion, this force field was chosen for energy minimiza-
tions of all molecules. Specifically, the distance d1 of
2.30 Å (Fig. 1) between protons quinoline-H3 and phen-
yl-H2 was obtained from the NOESY spectrum by using
the distance d2 of 2.44 Å between the protons phenyl-H2
and phenyl-H3 as the reference.27 This experimental dis-
tance d1 corresponds to the torsional angle of 30�, which
is in excellent agreement with the values reported previ-
ously for similar unfused biaromatic systems.28 The dis-
tance d1 of 2.35 Å and the torsional angle of 34� were
calculated using the MMFF94 field. By contrast, the
respective values of 2.53 Å and 47� were obtained with
Tripos field. A possible effect of solvation on conforma-
tion of 2 was also examined by using the Molecular Sil-
verware option in the SYBYL program. However, the
simulated solvation with either force field did not result
in a significant conformational change. Accordingly, the
subsequent energy minimizations for all molecules were
conducted without solvation using MMFF94 field.

An important problem is the preferred orientation
(twisted s-trans or s-cis, A or B in Figure 2) of the ortho
or meta substituted phenyl group at position 2 of the
quinoline relative to the N1 atom of the quinoline.
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E. Paliakov et al. / Bioorg. Med. Chem. 15 (2007) 324–332 329
For all analyzed compounds of this subgroup the energy
minimization results indicated consistently that the ener-
gy difference between s-cis and s-trans structures is less
than 1 kcal/mol. Nevertheless, on the basis of the results
of our previous qualitative work, it is highly unlikely
that ortho- and meta-phenyl substituted phenylquino-
lines, especially those with large amino moieties, would
interact randomly in two strikingly different conforma-
tions (A and B) with a biological receptor.10–12 Due to
the conformational uncertainty, the subsequent develop-
Figure 3. Alignments for orientations A (left) and B (right) of 107 CpG-OD
ment of CoMFA models was conducted separately with
both conformations A and B (where applicable). The
energy difference is negligible and the torsional angle is
identical for the two possible conformations C and D
of 2-(2-naphthyl)quinolines. Partial CoMFA models de-
rived from 2-(2-naphthyl)quinolines were identical for C
and D conformations. In order to simplify the calcula-
tions the complete studies were conducted with confor-
mation C only. All minimized structures were aligned
by fitting the quinoline, phenyl-C1, and phenyl-C4
atoms on the template molecule 2. The results for the
two possible orientations A and B are visualized in Fig-
ure 3. As can be seen, the alignment A provides a slight-
ly better fit in comparison to the alternative alignment
B. While the quinoline systems of all compounds are
superimposed with high accuracy, the 2-aryl rings are
deviated from co-planarity with the quinoline core in
both geometries A and B. Moreover, this deviation from
co-planarity, as indicated by the computed torsional an-
gle Quin-C3–QuinC2–Ph-C1–Ph-C2 (optimized for all
individual compounds), varies depending on a substitu-
ent at the phenyl group. As expected, the largest values
of the computed torsional angles are observed for phe-
nylquinolines with an ortho substituent at the phenyl
group. This feature has important ramifications for the
results of the CoMFA study (vide infra).

2.4.2. CoMFA models. Six models were generated by
using electrostatic and steric fields (Table 3). The param-
eter n is defined as an index of the degree of complexity
of the model. In this work, the number of principal com-
ponents n corresponds to the lowest value of a standard
error of prediction SPRESS, and the highest value of a
cross-validated squared correlation coefficient q2, as cal-
culated by SAMPLS routine in SYBYL. Two sets, each
comprising of three models, I–III and IV–VI, were gen-
erated by using molecular alignments A and B. Analyses
of the statistical evaluation parameters for all models in
Table 3 consistently show that the electrostatic and
steric fields of the molecules are both important for
N inhibitors used for CoMFA models given in Table 3.



Table 3. Statistical results of CoMFA PLS analysisa,b

CoMFA model CoMFA field Alignment based

on conformation

q2 n SPRESS r2 SE F Field %

I e + s A 0.626 6 0.524 0.958 0.176 399.96 e (60)

s (40)

II e A 0.598 3 0.535 0.829 0.349 355.56 e (100)

III s A 0.492 2 0.598 0.670 0.482 243.22 s (100)

IV e + s B 0.491 4 0.604 0.878 0.269 156.83 e (57)

s (43)

V e B 0.530 3 0.578 0.820 0.358 99.49 e (100)

VI s B 0.478 2 0.606 0.458 0.665 172.56 s (100)

a Abbreviations: PLS, partial least squares; s, steric; e, electrostatic; q2, cross-validated squared correlation coefficient; n, number of components

(latent variables); SPRESS, standard error of prediction; PRESS, predictive residual sum of squares; r2, squared correlation coefficient; SE, standard

error of prediction; F, value of the Fisher test.
b The leave-one-out (LOO) cross-validated q2 and explanatory r2 values were obtained with regard to number of components n. The optimal n value

was determined by selecting the smallest SPRESS value. See the text for L10O cross-validations.
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biological activity. With two fields used for calculations
(models I and IV), the computational results show that
the contribution of the electrostatic features to activity
is greater than that of steric effects. Even the use of elec-
trostatic field alone provided acceptable models II and
V. Conversely, the use of steric field alone for the molec-
ular alignments A and B resulted in generation of the
respective models III and VI that are statistically much
less significant. Overall, comparison of the respective
pairs of models (I/IV, II/V, and III/VI) based on the
superimpositions A and B points out to a greater signif-
icance of the former alignment. Accordingly, it can be
suggested that the substituted phenylquinolines interact
in conformation A with the biological receptor.

A graph of predicted versus experimental activities for
the most significant model I, obtained with the training
set of 101 molecules, is given in Figure 4. The robustness
of this model was externally validated by using four
independent approaches. First, a high value of a correla-
tion coefficient for predictivity ðr2

pred ¼ 0:867Þ was calcu-
lated using a test set of six compounds (Table 2).
Second, bootstrapping was carried out (100 runs), in or-
der to determine a degree of a statistical confidence. The
high value of the coefficient ðr2

boot ¼ 0:970Þ with a stan-
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Figure 4. Plot of predicted vs experimental activities for 101 com-

pounds of the training set using CoMFA model I.
dard deviation SE of 0.019 provides a high level of con-
fidence for the predictivity of model I. Third, a common
test for chance correlation is scrambling of data fol-
lowed by the leave-one-out (LOO) PLS analysis. The
procedure was performed 10 times on randomized activ-
ity sets, and in all cases the q2 values close to zero or neg-
ative were obtained. Fourth, the leave-10-out (L10O)
cross-validation was performed 10 times, where 10 com-
pounds were left out randomly from each calculation
but only once. For the 10 runs the respective values of
q2 and SPRESS ranged from 0.557 to 0.679 and from
0.495 to 0.571. These results provide a strong support
for validity of the CoMFA model I.

An important output from CoMFA is contour maps
that show significance of the electrostatic and steric
energy values for biological potency. These contours
superimposed on one of the bioactive molecules provide
a graphic guide to the design of new molecules. The
CoMFA contour map for model I on a selected mole-
cule 3 as an example is shown in Figure 5. As can be
seen from the electrostatic map on the left, the electro-
static factor is mostly important for the amino side
chain at position 4 of the quinoline. It can be suggested
that this terminal amino group binds with a weakly acid-
ic group of the biological receptor in a specific manner
to form a strong hydrogen-bonding interaction or an
ammonium salt. Both phenomena are electrostatic in
nature and can be described by the same function on a
continuous energy surface. On the other hand, the steric
contour map on the right of Figure 5 shows a large yel-
low area for unfavorable steric contributions. This area
extends from the methylene moiety of the 4-methylpipe-
razino substituent (shown as an example) to the C5-H
and C6-H portions of the phenyl group, even though
this site of the phenyl group does not bear any substitu-
ents in the examined set of compounds. We strongly be-
lieve that this outcome reflects the various torsional
angles between the quinoline and the phenyl group in
compounds with ortho, meta, and para substituents.
More specifically, the increase in the torsional angle
from para- to meta- (buttressing effect on C2-H) to
ortho-substituted derivatives corresponds to rotation
of the phenyl group, which is expressed in the steric
contour map as an unfavorable steric volume around



Figure 5. CoMFA contour maps for model I with compound 3 inside the fields. In the electrostatic contour map on the left the red polyhedrals

indicate areas where partial negative charge favors activity and the blue polyhedrals display areas where partial negative charge disfavors activity. In

the steric contour map on the right the green contours indicate areas where steric bulk increases activity, while yellow contours indicate areas where

steric bulk decreases activity.

E. Paliakov et al. / Bioorg. Med. Chem. 15 (2007) 324–332 331
C5-H and C6-H of the phenyl group. This suggestion is
consistent with a relatively low torsional angle of the
bioactive conformation of the ligands. An increase in
the torsional angle for meta- and ortho-substituted
derivatives would result in a decrease of biological activ-
ity, as independently shown by a classical QSAR
analysis.

The steric contour map shows that the presence of a
bulky substituent at position 6 or 7 at the quinoline
decreases activity, also as already suggested by the clas-
sical QSAR analysis.

2.5. Conclusions

Classical and 3D QSAR analyses results complement
each other and clearly provide guidelines for the design
of new antagonists. Within the class of N-substituted 2-
phenylquinolin-4-amines the most promising candidates
are derivatives containing an additional amino side
chain at the para position of the phenyl group. Both
the classical QSAR and CoMFA studies consistently
suggest that the aryl group of 2-arylquinolines may
interact with a quite narrow pocket on the receptor, pri-
marily by hydrophobic interaction.
3. Methodology

3.1. Biological evaluation

The ability of test compounds to reverse the action of
CpG-ODN on WEHI 231 murine lymphoma B-cells
was assessed in vitro as described previously.5,12a

3.2. Fujita-Ban QSAR

A model was constructed using 44 variables (different
substituents at positions 2, 4, 6, and 7 of the quinoline
system) and the experimental activities [�log(EC50)],
molar concentrations] of 101 compounds of the training
set. To determine how the substituents contribute to
the biological activity, the partial least-squares (PLS)
analysis was carried out as implemented in the
QSAR/CoMFA on SYBYL program. The model was
validated using an independent test set of 6 compounds
(Table 2).

3.3. CoMFA

The interatomic distance d2 for an equilibrium confor-
mation of 2 in solution (Fig. 1) was obtained from a
NOESY experiment by using a general procedure.27

The spectrum was recorded for a solution of 2 in
CDCl3 because the low dielectric constant of this sol-
vent is approximated well by the subsequent in vacuo
computations of the molecular structures. All molecu-
lar modeling calculations were performed with SYB-
YL 6.9 software running on SGI O2 workstation.
Energy minimizations were performed using MMFF94
force field and the minimum energy change of
0.01 kcal/mol/Å as a convergence criterion. Charges
were calculated using the MMFF94 method as imple-
mented in SYBYL. Conformational flexibility of the
molecules was taken into account by a systematic
conformational search (GRID option, torsion angle
C-QuinN4-QuinC4-QuinC3 with 10� increments). The
lowest energy rotamer was further minimized and
the minimized structure was used for alignment. The
steric and electrostatic field energies were calculated
using sp3 carbon probe atom with +1 charge. Values
of the steric and electrostatic energies were truncated
at 30 kcal/mol. The CoMFA QSAR equations were
calculated with the PLS algorithm, and cross-valida-
tion was performed using leave-one-out (LOO) proce-
dure. The models were constructed and validated with
the same sets of compounds used in the classical
QSAR analysis.
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