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Abstract Novel classes of CB2 agonists based on 4-oxo-
1,4-dihydroquinoline and 4-oxo-1,4-dihydro-1,5-, -1,6- and
-1,8-naphthyridine scaffolds have shown high binding
affinity toward CB2 receptor and good selectivity over
CB1. A computational study of comparative molecular
fields analysis (CoMFA) and comparative molecular simi-
larity indices analysis (CoMSIA) was performed, in order
to identify the key structural features impacting their
binding affinity. The final CoMSIA model resulted to be
the more predictive, showing 72, = 0.84, r2 =0.619,
SEE=0.369, and r7,,, = 0.75. The study provides useful
suggestions for the synthesis of new selective analogues
with improved affinity.

Keywords Cannabinoid receptor - CB2 agonist -
CoMFA - CoMSIA - 3D-QSAR

Introduction

Cannabinoid receptors interact with cannabinoid drugs in-
cluding the classical cannabinoids, such as A°- tetrahydro-
cannabinol (A°-THC), their synthetic analogs and the
endogenous cannabinoids [1—4]. The pharmacological
effects of cannabinoids are mediated through at least two
receptors, the cannabinoid 1 receptor (CB1) and the
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cannabinoid 2 receptor (CB2), even if at present there is
some experimental evidence that supports the existence of
additional types of cannabinoid receptors [5—7]. While CB1
is located principally in the central nervous system, CB2 is
found in peripheral tissues, such as the spleen, tonsils and
thymus. This subtype is of particular interest, since it has
been identified as a potential target for therapeutic immune
treatment, due to its involvement in signal transduction
processes in the immune system. Furthermore, CB2 selective
compounds were active in different neuropathic and inflam-
matory pain models [8—12]. Some neuroprotective roles have
also been associated with CB2 agents, that could lead to the
prevention of some neurodegenerative disorders, such as
Huntington and Alzheimer’s diseases [13—15]. Other studies
have also highlighted potentials roles for CB2 in cancer [16,
17], multiple sclerosis [18] and bone regeneration [19, 20].
Since majority of CB2 receptor are distributed in peripheral
tissues, with only low levels in neurons of central nervous
system, centrally mediated side-effects would be greatly
diminished with CB2 selective agents.

Both CB1 and CB2 belong to the large family of G-
protein coupled receptors (GPCRs) [21] controlling a wide
variety of signal transduction. Since GPCR are membrane
proteins, their expression, purification, crystallization and
structure determination present major challenges to the
discovery of new drugs. In the absence of experimental data
about human cannabinoid receptor 3D structures, computer-
aided GPCR-targeted drug design can be performed on the
basis of ligand-based modeling techniques, such as 3D-
QSAR analysis or pharmacophore model generation.

Recently, novel classes of CB2 agonists based on 4-oxo-
1,4-dihydroquinoline and 4-oxo-1,4-dihydro-1,5-, -1,6- and
-1,8-naphthyridine scaffolds [22-25] (representative com-
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pounds 48, 56, 57 and 61 are depicted in Fig. 1) have
shown high binding affinity toward CB2 receptor and good
selectivity over the CB1 receptor.

In order to identify the key structural features
impacting the binding affinity, and with the aim at
providing useful suggestions for the design of new
selective analogues with improved affinity, a computa-
tional study of comparative molecular fields analysis
(CoMFA) and comparative molecular similarity indices
analysis (CoMSIA) was performed.

Materials and methods
Data set

A dataset of 62 compounds showing the 4-oxo-1,4-
dihydroquinoline and 4-oxo-1,4-dihydro-1,5-, -1,6- and -
1,8-naphthyridine scaffolds (Table 1, compounds 1-62),
screened according to the same pharmacological protocol,
were selected from literature [22-25]. All the compounds
have been built, parameterized (Gasteiger-Huckel method)
and energy minimized within MOE using MMFF94
forcefield [26].

3D-QSAR analysis

In the absence of crystallographic data about human CB2
3D structure, the ligand-based approach of CoMFA [27]
and CoMSIA analyses [28], performed using Sybyl7.0
software [29], could provide a complementary tool for drug
design. All compounds together were aligned on the basis
of the common 1,3-disubstituted 4-oxo-1,4-dihydroquino-
line or 4-oxo-1,4-dihydro-1,5-, -1,6- or -1,8-naphthyridine
scaffold (in Fig. 1 the common scaffold is depicted in blue),
by the align database command in Sybyl7.0, and CoMFA
and CoMSIA models were calculated, with the aim of
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Fig. 1 Chemical structure of 48, 56, 57 and 61 as representatives of
the 4-oxo0-1,4-dihydroquinoline and 4-oxo-1,4-dihydro-1,5-, -1,6- and
-1,8-naphthyridine derivatives, respectively. The common 1,3-disub-
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identifying the key structural features impacting the binding
affinity.

Training set and test set

All the compounds were grouped into a training set, for model
generation, and a test set, for model validation, containing 53
and 9 compounds respectively. The molecules of the test set
represent 17% (estimated as a good percentage to validate a
molecular model) of the training set. Both the training and the
test set were divided manually according to a representative
range of biological activities and structural variations. For
QSAR analysis, K; values have been transformed into pK;
values and then used as response variables. Compounds CB2
affinity covered 4 log orders.

CoMFA and CoMSIA interaction energies

CoMFA method [27] is a widely used 3D-QSAR technique to
relate the biological activity of a series of molecules to their
steric and electrostatic fields, which are calculated placing the
aligned molecules, one by one, into a 3D cubic lattice with a
2A grid spacing. The van der Waals potential and Coulombic
terms, which represent steric and electrostatic fields, respec-
tively, were calculated using the standard Tripos force field
method. The column-filtering threshold value was set to
2.0 keal mol ™' to improve the signal-noise ratio. A methyl
probe with a +1 charge was used to calculate the CoMFA
steric and electrostatic fields. A 30 kcal mol ' energy cut-off
was applied to avoid infinity of energy values inside the
molecule. The CoMSIA method [28] calculates five descrip-
tors, namely steric, electrostatic and hydrophobic parameters,
and H-bond donor and H-bond acceptor properties. The
similarity index descriptors were calculated using the same
lattice box employed for the CoOMFA calculations and a sp®
carbon as probe atom with a +1 charge, +1 hydrophobicity
and +1 H-bond acceptor and +1 H-bond donor properties.

\ \

=

stituted 4-oxo-1,4-dihydroquinoline or 4-oxo-1,4-dihydro-1,5-, -1,6-
or -1,8-naphthyridine scaffold is depicted in blue
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Table 1 Molecular structure of selective CB2 agonists 1-62

RS O
|
7SN R
R8 R1
Comp. R1 R2 R3 R5 R6 R7 R8 X Y Z
o)
1  -CH)CH, H /u\© H H H H C C c
2 '(CH2)40H3 H /ﬁ\©\ H H H H c C C
CN
0
3 '(CH2)4CH3 H H H H H c C C
i)
4 -(CH)CH, H O H H H H c c c
e
5  -(CH,)CH, H O H H H H c c c
e
6  -(CH,)CH, H O H H H H c c c
1
7 \© H O H H H H c C C
.cH2\©\ o O
8 F H O H H H H c C c
_CH2\©\ o O
9 c K O H H H H c c c
.CH2\©\ o O
10 Br H O H H H H C C C
11 -(CH,),CH, H H H H H c C C

Partial least square (PLS) analysis and models validation

The partial least-squares (PLS) approach, an extension of the
multiple regression analysis, was used to derive the 3D-QSAR

=T
Z

r

models. CoMFA and CoMSIA descriptors were used as
independent variables and pKi values were used as dependent
variables. Prior to the PLS analysis, COMFA and CoMSIA
columns with a variance of less than 2.0 kcal mol ' were
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Table 1 (continued)

I
Z
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R6.__X R3
.
R7/L\f N R
R8 R1
Comp. R1 R2 R3 R5 R6 R7 R8 X Y 7
12 -(CH,),CH, H H H H H C C C
HN
Ao
13 -(CH,)sCH, H H H H H c c @
HN
Ao
14 +(CH,),CH, H J H H H H C c c
HN
PN
15 -(CH,),CH, H " j H H H H c C C
Ko
16 H HN" : H H H H o} o] o}
/go
“(CH)~ /Q
N
17 @ H HN H H H H C C C
Ko
18 -(CH,),CH, H HN/@ H H H H c c c
Ao
OYH
19 -(CH2)4CH3 H \@ H H H H C C C
20 -(CH,),CH, H HN@ H H H H C c C
Ko
21 H /@ H H H H c c c
Ao
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Table 1 (continued)
RS
LI
R7 \f l}l R2
R8 Rt
Comp. R1 R2 R3 RS Z
22 '(CH2)40H3 CHs HN@ H C
Ao
23 “(CH,).CH, \© HN@ H C
Ao
24 (CH,),CH, \© HN/@ M c
Ao
CH~ /@
N
25 ()3 H ;’L H c
o
(CHp~
N
26 (}) H HN@ H C
Ao
-CH;
27 \©\F H HN H c
Ao
-(CH,);
28 \© H HN H C
Ao
-(CH,);
29 \© H HN H c
Ao
30 -(CH,),CH, H HN/@ H c
1
31 -(CH,),CH, H \H O H C
o)
Y
32 -(CH,),CH, H H H C
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Table 1 (continued)
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41 -(CH,),CH, H
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42 oH H " Br H H c c
o
43 -(CH,),CH, H HN/@ H Br H H C C
Ao
L -~
44 “(CH,),CH, H HN H \© H H c c
Ao
filtered by using column filtering to improve the signal-to-  identify the optimal number of components (ONC) leading
noise ratio. to the highest cross-validated 1 (r2). In the LOO

The leave one out (LOO) cross-validation method was  methodology, one molecule is omitted from the dataset
used to check the predictivity of the derived model and to  and a model is derived involving the rest of the compounds.
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Table 1 (continued)
R5
R6~_ X R3
)
R7 \f N R
R8 R1
Comp. R1 R2 R3 R5 R6 R7 RS X Y Z
45 -(CH,),CH, H HN : & \O/CHS H H \O/CHS c c c
N
46 oHy N H HN/@ o H ot c c
Ao
~NTX
47 -(CH,),CH, H HN/@ H F N_J H c C C
Ao
48 -(CH,),CH, H HN/@ H H F H C C C
N
L s
49 -(CH,),CH, H HN H H H C C C
Ao
1,0
/@ -
50 '(CHz)ACHs H HN H H H C C C
Ao
o}
I
1)} g
51 -(CH,),CH, H HN H H H o} c c
Ao
52 -(CHZ)ACHS H HN/@ H \© H H C C C
Ao
53 -(CH,),CH, H HN@ H cl H H c c c
Ao
54 +(CH,),CH, H HN/@ H H cl H c c c
Ao

Employing this model, the activity of the omitted molecule
is then predicted.

The ONC obtained from cross-validation methodology
was used in the subsequent regression model. Final CoOMFA
and CoMSIA models were generated using non-cross-
validated PLS analysis. To further assess the statistical
confidence and robustness of the derived models, a 100-

cycle bootstrap analysis was performed. This is a procedure in
which n random selections out of the original set of n objects
are performed several times (100-times were required to
obtain a good statistical information). In each run, some
objects may not be included in the PLS analysis, whereas
some others might be included more than once. The mean
correlation coefficient is represented as bootstrap 2 (r7,,,)-
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Table 1 (continued)

R6._ /XijiRs
|
R7 \f l}l R2
RS R1
Comp. R1 R2 R3 R5 R6 R7 RS X Y Z
55 -(CH,),CH, H HN@ H H H al C C c
Ao
56 -(CH,),CH, H HN@ H H H H N c c
Ao
57 -(CH,),CH, H HN/@ H H H H C N C
Ao
58 -(CH,),CH, H HN/@ H H H H C C N
Ao
Ao
“CHN /O
60 @ H HN H H -O-CH, H C (¢} C
N
61 p H HN/@ H H -0-CH, H c c N
Ao
‘(CHz)z\N
62 @ H HN/@ H H N(CHy), H c c N
Ao

. . . . 2
Predictive correlation coefficient (rpred>

To further validate the CoOMFA and CoMSIA derived model,
the predictive ability for the test set of compounds (expressed
as rlz,,ed) was determined by using the following equation:

red = (SD — PRESS) /SD,

SD is the sum of the squared deviations between the
biological activities of the test set molecules and the mean
activity of the training set compounds and PRESS is the sum
of the squared deviation between the observed and the
predicted activities of the test set compounds.
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All calculations were carried out using a PC running the
Windows XP operating system and an SGI O2 Silicon
Graphics.

Results and discussion
CoMFA and CoMSIA analyses
To develop the 3D-QSAR analyses, 1-62 were aligned

(Fig. 2) on the basis of the common 1,3-disubstituted 4-
oxo-1,4-dihydroquinoline or 4-oxo-1,4-dihydro-1,5-, -1,6-
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Table 2 Summary of COMFA results
No. compounds 53
Optimal number of components (ONC) 5
Leave one out 1° (r,zw) 0.544
Cross-validated r* () 0.635
Std. error of estimate (SEE) 0.279
Non cross-validated r* (r2,) 0.90
F value 93.822
Steric contribution 0.437
Electrostatic contribution 0.563
Bootstrap 1° (r,%om) 0.94
Standard error of estimate r}zwm (SEE r,zmm) 0.230
Test set 1° <r5r6d> 0.71

Fig. 2 Alignment of 1-62 employed for CoMFA and CoMSIA
analyses

or -1,8-naphthyridine scaffold (in Fig. 1 the common
scaffold is depicted in blue).

CoMFA and CoMSIA analyses were performed dividing
compounds 1-62 into a training set (1, 2, 4, 5, 7-10, 12-21,
23-27, 29-34, 36-51, 53, 55-57, 59-62) for model
generation and into a test set (3, 6, 11, 22, 28, 35, 52, 54,
58) for model validation. CoMFA and CoMSIA studies
were developed using, respectively, CoMFA steric and
electrostatic fields and CoMSIA steric, electrostatic, hydro-
phobic, H-bond acceptor, and H-bond donor properties, as
independent variables, and the ligand pKi as dependent
variable.

The final CoMFA model was generated employing non-
cross-validated PLS analysis with the optimum number of
components (ONC=5) to give a non-cross validated
72 (rﬁw) = 0.90, a test set 1> r;red = 0.71, standard error
of estimate (SEE) = 0.279, steric contribution = 0.437 and
electrostatic contribution = 0.563. The model reliability
thus generated was supported by bootstrapping results. All
statistical parameters supporting CoMFA model are
reported in Table 2.

A CoMSIA model consisting of steric, electrostatic,
hydrophobic, H-bond acceptor, and H-bond donor fields
with a 7., =084, a 7, =0.75, SEE=0.369, steric
contribution = 0.177, electrostatic contribution = 0.200,
hydrophobic contribution = 0.310, H-bond acceptor contri-
bution = 0.163, and H-bond donor contribution = 0.150 was
derived. All statistical parameters supporting CoMSIA
model are reported in Table 3.

Experimental and predicted binding affinities values for
the training set and test set are reported in Table 4, while
distribution of experimental and predicted pK; values for

training set and test set according to CoOMFA and CoMSIA
models are represented in Fig. 3.

As shown in Fig. 4 (for simplicity, only the structure of
compound 48, showing the highest pK; value in the
dataset, is depicted and used as reference), the steric
contour map predicts disfavored interaction polyhedra
(yellow) around position 2 and in the vicinity of position
7 of the scaffold, and near the methyl group of the R1 »n-
pentyl. The R3 adamantyl group is occupied by a green
region (favored) partially surrounded by yellow polyhe-
dra. The reliability of the steric map calculations is
verified by the higher affinity of 18 (R2 = H, pK;=7.79)
compared to that of 24 (R2 = phenyl, pK;=6.47), and the
higher pK; value of 20 (R2 = H, pK;=7.80) in comparison
with that of 22 (R2 = methyl, pK;=6.70) and 23 (R2 =
phenyl, pK;=6.92). Moreover, the COMFA steric map is in
agreement with the following affinity trends: /) compounds

Table 3 Summary of CoMSIA results

No. compounds 53
Optimal number of components (ONC) 4
Leave one out 1° (r,) 0.521
Cross-validated 1* (rfv) 0.619
Std. error of estimate (SEE) 0.369
Non cross-validated (rﬁa,) 0.84
F value 41.551
Steric contribution 0.177
Electrostatic contribution 0.200
Hydrophobic contribution 0.310
H-bond acceptor contribution 0.163
H-bond donor contribution 0.150
Bootstrap 17 (r,%aw) 0.93
Standard error of estimate 1%, (SEE r7,,,) 0.231
Test set I (rfm,d 0.75
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Table 4 Experimental and predicted pK; values of compounds 1-62 according 3D-QSAR analyses

Compound CoMFA model CoMSIA model

Exp. pK; Pred. pK; Residual Pred. pK; Residual
1 6.35 6.35 0.00 6.43 —0.08
2 6.11 6.34 -0.23 6.00 0.11
3¢ 5.89 6.84 -0.95 6.37 —0.48
4 5.81 6.04 -0.23 6.42 —0.61
5 6.81 6.59 0.23 6.43 0.38
6" 6.24 6.31 -0.07 6.33 —-0.09
7 6.18 6.18 0.00 6.31 —-0.13
8 6.65 6.27 0.38 6.27 0.38

5.95 6.10 —-0.15 6.18 -0.23
10 6.02 6.03 —-0.01 6.10 —0.08
11 6.34 5.81 0.53 6.03 0.31
12 6.43 6.45 —-0.02 6.04 0.39
13 6.07 6.20 —-0.13 5.96 0.11
14 6.70 6.65 0.05 6.71 —-0.01
15 7.30 7.71 -0.41 7.34 —0.04
16 8.19 7.44 0.75 7.18 1.01
17 7.55 7.83 -0.28 7.50 0.05
18 7.79 7.75 0.04 7.68 0.11
19 7.87 7.88 —0.01 7.46 0.41
20 7.80 7.28 0.52 7.34 0.46
21 6.18 7.07 —0.89 7.25 -1.07
22¢ 6.70 6.73 —-0.03 7.07 -0.37
23 6.92 6.65 0.27 6.45 0.47
24 6.47 6.75 -0.28 6.78 —0.31
25 6.82 6.85 —-0.03 7.23 —0.40
26 6.66 6.37 0.29 6.88 -0.22
27 7.08 6.94 0.14 7.17 -0.09
28 6.48 7.28 —-0.80 7.43 -0.95
29 6.80 6.63 0.17 6.97 -0.17
30 5.78 5.58 0.20 5.55 0.23
31 6.58 6.58 0.00 6.65 -0.07
32 5.95 6.17 -0.22 6.28 —0.33
33 7.59 7.23 0.36 7.23 0.36
34 7.97 8.17 -0.20 8.08 —0.11
35¢ 7.77 7.67 0.10 7.88 —0.11
36 7.62 7.50 0.12 7.84 -0.22
37 7.59 7.74 —-0.15 8.05 -0.46
38 7.94 8.07 —-0.13 8.21 -0.27
39 8.20 8.20 0.00 7.97 0.23
40 7.62 7.65 —-0.03 7.84 -0.22
41 7.79 7.75 0.04 7.86 -0.07
42 8.03 8.17 -0.14 7.87 0.16
43 7.84 7.83 0.01 7.84 0.00
44 8.47 8.38 0.09 8.50 —-0.03
45 7.28 7.83 —0.55 7.68 -0.40
46 8.04 7.86 0.18 7.74 0.30
47 8.44 8.29 0.15 8.60 —-0.16
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Table 4 (continued)
Compound CoMFA model CoMSIA model
Exp. pK; Pred. pK; Residual Pred. pK; Residual
48 9.10 8.51 0.59 8.20 0.90
49 8.80 8.77 0.03 8.60 0.20
50 9.05 9.13 -0.07 8.92 0.13
51 8.46 8.48 —0.02 8.42 0.04
52¢ 8.42 8.09 0.33 7.99 0.44
53 7.26 7.42 -0.16 7.48 -0.22
54¢ 8.28 7.84 0.44 7.75 0.53
55 7.56 7.24 0.32 7.47 0.09
56 6.59 6.82 -0.23 6.72 —-0.13
57 7.51 7.53 —0.02 7.16 0.35
58¢ 7.63 7.74 —0.11 7.48 0.15
59 7.10 7.27 -0.17 7.40 -0.30
60 7.10 7.29 -0.19 7.53 —0.43
61 7.96 7.91 0.05 7.81 0.15
62 7.03 6.88 0.15 7.25 -0.22
a Test set compounds
a CoMFA analysis: Training Set b CoMFA analysls: Test Sct
95 1 85 -
*
9 g -
35 o * ..
8 4 .'{: * 13 4
% 75 - o i 74
74 & - 2 4 ’
*tene 65 B
65 1 s oF ’.
6 ot 6 .
55 \ 33 1
5 T v T T r 5 T T T T d
5 6 7 8 9 10 5 55 65 7 75 9
Exp. pKi Exy. pKi
c CoMSIA anatysis: Tralning Set d CoMSIA anslysis: Test Set
95 - 81
9 A B 8
835 1 . 75 1 -
g 3 PR 2 :
> 75 1 . IR 71
2 7 % il 2 s
Ly -
6.5 * g+ e 6 1 *
6 e ¢
s‘s - * 515 b
5 - T T v ] 5 r - - - - T 3
5 6 7 13 9 10 5 55 6 65 7 75 85 9
Exp. pKi Exp. pKi

Fig. 3 Distribution of experimental and predicted pK; values for
training set compounds according to CoOMFA analysis (a), for test set
compounds according to CoMFA analysis (b), for training set

compounds according to CoMSIA analysis (c¢), and for test set
compounds according to CoMSIA analysis (d)
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Fig. 4 Contour maps of CoMFA steric regions (green, favored;
yellow, disfavored) are depicted around compound 48, shown in stick
mode and colored by atom type

18, 19, 20 and 33 (pK;=7.59-7.87) > 15 (pK;=7.30) > 12,
14, 31 and 32 (pK;=5.95-6.70) {i.e. R3=CONH-(1- or 2-
adamantyl), CONH-[1-(3,5-dimethyladamantyl)] and
NHCO-(1-adamantyl) > CONH-(1-adamantylmethyl) >
CONH-(1-naphthyl), CONH-(2-phenylethyl), NHCO-(1-
naphthyl) and NHCO-(2-phenylethyl)}; ii) compound 16
(pK;=8.19) > 21 (pK;=6.18), and analogue 17 (pK;=7.55) >
25 (pK;=6.82) and 26 (pK;=6.66) {i.e. R3 = CONH-
cycloheptyl > CONH-(1-adamantyl) and CONH-[1-(3,5-
dimethyladamantyl)]}; iii) 1 (pK;=6.35) > 3 (pK;=5.89)
(i.e., R3 = benzoyl > 2-naphthoyl).

The reliability of the steric map calculations is verified
also by the higher pK; value of 34 (R7 = F, pK;=7.97)
compared to that of 35 (R7 = 1-pyrrolidinyl, pK;=7.77) and
36 (R7 = ethoxy, pK;=7.62), and by the following affinity
trends: i) compound 12 (pK;=6.43) > 13 (pK;=6.07), and
analogue 5 (pK; = 6.81) > 6, 7 and 8 (pK;=6.18-6.65) > 9
(pK;=5.95) and 10 (pK;=6.02) (i.e., R1 = n-pentyl > n-hexyl,
benzyl and 4-fluorobenzyl > 4-chloro- and 4-bromobenzyl);
ii) 20 (pK;=7.80) > 27 (pK;=7.08) > 28 (pK;=6.48) and 29
(pK;=6.80) (i.e., Rl = n-pentyl > 4-fluorobenzyl > 2-
phenylethyl and 3-phenylpropyl).

According to the electrostatic field contour map of the
CoMFA analysis plotted in Fig. 5, less positive moieties are
predicted to be favored (red areas) in proximity of scaffold
position 7 and around the adamantyl position 2, the
carbonyl oxygen atom and the methyl group of the

@ Springer

n-pentyl. On the other hand, more electropositive substitu-
ents are predicted to be beneficial (blue areas) around the
scaffold position 7 and the adamantyl position 8. Moreover,
a blue region is located between the adamantyl positions 1
and 6. Accordingly, compounds 8 (pK;=6.65), 27 (pK;=
7.08) and 42 (pK;=8.03) show higher pK; values than the
corresponding derivatives 7 (pK;=6.18), 21 (pK;=6.18) and
43 (pK;=7.84), respectively (i.e. R1 = 4-fluorobenzyl >
benzyl and R1 = pent-l1-en-5-yl > n-pentyl). Besides,
the results are in agreement with the following affinity
trends: i) 18 (pK;=7.79) > 33 (pK;=7.59) > 30 (pK;=5.78)
[i.e., R3 = CONH-(1-adamantyl) > NHCO-(1-adamantyl) >
CH,NH-(1-adamantyl)]; ii) 14 (pK;=6.70) > 32 (pK;=5.95)
[i.e., R3 = CONH-(2-phenylethyl > NHCO-(2-phenylethyl)];
i) 1 (pK;=6.35) > 2 (pK;=6.11) (i.e., R3 = benzoyl >
4-cyanobenzoyl).

The reliability of the electrostatic map calculations is
verified also by the very high binding affinity of 48 (R7 =
fluoro, pK;=9.10), 49 (R7 = S-phenyl, pK;=8.80), 50 (R7=
SO,-phenyl, pK;=9.05) and 51 (R7=SO-phenyl, pK;=8.46)
compared to that of 18 (R7 = H, pK;=7.79), by the higher
pK; values of 54 (R7 = chloro, pK;=8.28) in comparison
with that of 20 (R7 = H, pK;=7.80), and by the high
binding affinity of 34 (R7 = fluoro, pK;=7.97), 35 (R7 = 1-
pyrrolidinyl, pK;=7.77) and 36 (R7 = ethoxy, pK;=7.62).

The CoMSIA steric and electrostatic regions are in
agreement with the CoOMFA steric and electrostatic areas.

Fig. 5 Contour maps of CoMFA electrostatic regions are shown
around compounds 48. Blue regions are favorable for more positively
charged groups; red regions are favorable for less positively charged
groups
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The calculated CoMSIA hydrophobic map (Fig. 6)
displays yellow areas (favored) around the scaffold position
7, in proximity of the region between positions 6 and 7, and
near position 2. In addition, yellow polyhedra surround the
adamantyl moiety and enclose the methylenes of the n-
pentyl group. The methyl of the n-pentyl group is enclosed
by an uncolored area, in its turn surrounded by yellow
polyhedra.

Accordingly, the R1 n-pentyl derivatives 18 (pK;=7.79)
and 20 (pK;=7.80) shown higher pK; values than the
corresponding R1 N-morpholinethyl analogues 25 (pK;=
6.82) and 26 (pK;=6.66). The results are also in agreement
with the higher binding affinity of 20 (Y = C, pK;=7.80) in
comparison with that of 57 (Y = N, pK;=7.51), and with the
higher pK; values of 38 (R6 = trifluoromethyl, pK;=7.94),
39 (R6 = i-propyl, pK;=8.20), 43 (R6 = bromo, pK;=7.84),
44 (R6 = S-phenyl, pK;=8.47), 52 (R6 = phenyl, pK;=8.42)
and 47 (R6 = fluoro, R7 = 1-pyrrolyl, pK;=8.44) compared
to that of 18 (R6 = H, pK;=7.79). In addition, the reliability
of the hydrophobic map calculations is verified by the very
high binding affinity of 48 (R7 = fluoro, pK;=9.10), 49
(R7 = S-phenyl, pK;=8.80), 50 (R7 = SO,-phenyl, pK;=
9.05) and 51 (R7 = SO-phenyl, pK;=8.46) compared to that
of 18 (R7 = H, pK;=7.79), by the higher pK; values of 54
(R7 = chloro, pK;=8.28) in comparison with that of 20
(R7 = H, pK;=7.80), and by the high binding affinity of 34
(R7 = fluoro, pK;=7.97), 35 (R7 = 1-pyrrolidinyl, pK;=
7.77) and 36 (R7 = ethoxy, pK;=7.62). Moreover, in
accordance with the CoMFA hydrophobic map, 18 [R3 =

Fig. 6 Contour maps of CoMSIA hydrophobic regions (yellow,
favored; white, disfavored) are depicted around compounds 48, shown
in stick mode and colored by atom type

Fig. 7 CoMSIA hydrogen bond acceptor polihedra are shown around
compounds 48 depicted in stick mode and colored by atom type. H-
bond acceptor groups: magenta, favored; green, disfavored

CONH-(1-adamantyl)], 19 [R3 = CONH-(2-adamantyl)]
and 20 {R3 = CONH-[1-(3,5-dimethyladamantyl)]} (pK;=
7.79-7.87) result to be more potent than 14 [R3 = CONH-
(2-phenylethyl), pK;=6.70], and 33 [R3 = NHCO-(1-
adamantyl), pK;=7.59] is more potent than 32 [R3 =
NHCO-(2-phenylethyl), pK;=5.95].

Fig. 8 CoMSIA hydrogen bond donor polihedra are shown around
compounds 48 depicted in stick mode and colored by atom type. H-
bond donor groups: purple, favored; cyan, disfavored

@ Springer
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The calculated CoMSIA H-bond acceptor map
(Fig. 7) displays a magenta area (favored) in proximity
of the oxygen atom of the R3 amidic group, and green
polyhedra (unfavorable) near the nitrogen atom of the
R3 amidic function, and in the vicinity of the scaffold
position 5 and of the terminal portion of the n-pentyl
group (R1). Accordingly, in the CoMSIA H-bond donor
map (Fig. 8), a cyan area (unfavorable) and a purple
region (favorable) are located in the vicinity of the R3
amidic oxygen and nitrogen atoms, respectively. In
agreement with these results, 18 [R3 = CONH-(1-
adamantyl), pK;=7.79] results to be more potent than 33
[R3 = NHCO-(1-adamantyl), pK;=7.59] and 30 [R3 =
CH,NH-(1-adamantyl), pK;=5.78], and 14 [R3 = CONH-
(2-phenylethyl), pK;=6.70] is more potent than 32 [R3 =
NHCO-(2-phenylethyl), pK;=5.95]. The reliability of the
calculations of the H-bond acceptor and donor maps is
verified also by the higher affinity of 20 (Y = C, pK;=
7.80) compared to that of 56 (X = N, pK;=6.59), and by
the higher pK; values of the R1 n-pentyl derivatives 18
(pK;=7.79) and 20 (pK;=7.80) in comparison with those
of the corresponding R1 N-morpholinethyl analogues 25
(pK;=6.82) and 26 (pK;=6.66).

Conclusions

The 3D-QSAR studies here presented highlight the key
structural features impacting the binding affinity of the 4-
oxo0-1,4-dihydroquinoline and 4-oxo-1,4-dihydro-1,5-, -1,6-
and -1,8-naphthyridine derivatives as selective CB2 agonists.
Moreover, allow the prediction of the ligand binding affinity
prior to synthesis and they provide useful suggestions for the
design of new selective analogues with improved potency.

In fact, taking into account simultaneously all the
information deriving from the 3D-QSAR contour maps,
we have identified some structural modifications, poten-
tially useful to improve the binding affinity of the series
of selective CB2 agonists 4-oxo-1,4-dihydroquinoline
and 4-oxo-1,4-dihydro-1,8-naphthyridine derivatives (the
1,5- and 1.6-naphthyridine congeners result to be less
promising). In detail, the amidic groups CONH-(3,5-
dimethylcyclohexyl), CONH-(4-methylcyclohexyl),
CONH-(cycloheptyl), and CONH-(cyclooctyl) would
seem particularly favorable as substituent R3. The
scaffold position 2 could be unsubstituted or substituted
with a fluorine atom. Cyclohexylmethyl, cyclopentyl-
methyl, 2-cyclobutylethyl, 3-cyclopropylpropyl, i-butyl,
and pent-1-en-5-yl would result to be effective as substitu-
ents R1. A fluorine atom would seem to be optimal as
substituent R7, when simultaneously the scaffold position 6
bears a #-butyl or a cycloalkyl (cyclopropyl, cyclobutyl,
cyclopentyl, cyclohexyl, and cycloheptyl), or a methylene or

@ Springer

sulfur atom linked to an i-propyl or to the same cycloalkyl
groups just mentioned.
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