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Abstract—The structure—property correlation relation based on the fragment descriptors of molecular structure
was used for the calculation of the apoptosis-inducing activity of 3,5-diaryl-1,2,4-oxadiazoles. A set of the
correlation models of similar accuracy, with different numbers of variables was obtained. Analysis of the role
of various fragments allowed us to offer compounds with high activity belonging to one chemical class, which

can be useful for the creation of new anticancer drugs.
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Currently, oncology diseases are the second leading
cause of mortality in developed countries [1].
Therefore, despite the notable success in treating these
diseases due to the creation of many new drugs, the
problem of developing more effective, less toxic and
not causing resistance anticancer agents remain in the
focus of many research laboratories and pharma-
ceutical companies [1]. Since the antitumor activity of
many drugs correlates with their ability to induce
apoptosis [2], the identification and development of
new apoptosis inducers is one of the directions at the
development of new means for the treatment of cancer.
In recent years, at the designing compounds with pro-
apoptotic properties were used the results of the study
of quantitative structure—activity relations, that allow
revealing the structural fragments responsible for the
apoptosis-inducing and antiproliferative activity [3-9].
In this study, the structure—property correlation [10-
12] was used to evaluate and predict the apoptosis-
inducing activity of 3,5-diaryl-1,2,4-oxadiazoles, the
potential anticancer agents inhibiting selectively
growth of some tumor cells and not affecting healthy
cells [13-15]. The experimental values of the
apoptosis-inducing activity of these compounds, taken
from the literature [14—15], have been determined by
the activity of caspases (EC50), cleaving fluorescent

substrate in the cell cultures pretreated with the
appropriate inducer [16].

The model construction. To construct a structure—
property correlation relation we used the fragment
representation of the molecular structure: heavy atoms
or groups are represented by the fragments of different
types. In the set of test compounds (Table 1) there is a
repeating core consisting of 1,2,4-oxadiazole and
aromatic substituents in 3 and 5 positions. This core is
not characterized by a variety of conformations, and
despite the presence of various groups in the aromatic
substituents it is virtually planar. Activity of some
compounds in this set of 1,2,4-oxadiazole derivatives
has been defined up to the boundary values only, e.g.,
to ECsg > 40 pM. In such cases, we assumed that the
concentration is equal to this boundary value. Because
active concentration of these compounds varied in the
range of several orders of magnitude, we used the
logarithm of this characteristic.

The correlation expression was taken as a sum of
mono-fragmental contributions associated with an
atom of a certain type, and paired contributions,
determined by the type of a pair of atoms and the
number of bonds separating the atoms [6].
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Table 1. Derivatives of 1,2,4-oxadiazoles inducing apoptosis involving caspases.

Arl\(/NW/ Ar,
O—-N
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Experiment®
Calculation
Run no. Ar, Ar, b
EC50, HMC 10g EC50 log ECSO
1 @\ Cl 40 1.6 1.46
S
2 @\ Me 40 1.6 1.64
S
3 Cﬁl /O 2.82 0.45 0.47
S
4 [_&CI /@/Cl 177 0.25 0.30
S
5 L_S\Br /©/Cl 3.32 0.52 0.48
S
6 Cji\ B /©/c1 40 1.6 1.61
S
7 Mer /©/C1 40 1.6 1.60
S
8 Cﬁl /O/ Me 3.66 0.56 0.47
S
9 Cl O 4.17 0.62 0.62
o O
S
10 cl F 1.21 0.08 0.13
o ot
S
11 Cl 0.9 ~0.05 0.13
8t F
S
FF
12 Cl o 0.89 -0.05 -0.07
(- o
F
S
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Table 1. (Contd.)

TSYGANKOVA, ZHENODAROVA

Experiment Calculation
Run no. Ar Ar, b
ECso, pM* log ECso log ECso
13 Cl 1\|’Ie 40 1.6 1.66
e .
Me
i @\Cl /Oia 1.41 0.15 0.12
S cl
5 cl Cl 0.93 ~0.03 ~0.05
e F
S
FE
16 [ﬁl Me: : .Cl 0.91 —0.04 0.30
S
17 @\Cl BrHZCj@/CI 4.5 0.65 0.54
S
18 L_ﬁl /@Cl 17 0.23 0.30
S Me
g NH,
20 4_S\Cl /©/Cl 3.1 0.49 0.30
S
NH,
cl
21 a 2.1 0.32 0.30
|
S Me
S NH(CH,),NMe,
23 cl 1.59 0.2 0.31
38 T
S 2N
24 cl cl 0.75 0.12 0.00
[ ® | R
S N
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Table 1. (Contd.)
Experiment®
Calculation
Run no. Ar Ar, b
X 10g ECs()
ECs0, uM® log ECso
25 cl F .44 0.16 0.14
| F
S N/
26 4_S\Cl F 0.92 ~0.04 ~0.17
/ \ N
F
S | F
_N
27 @\ Cl 17.4 1.24 1.18
O
28 4_S\C1 /©/Cl 1.74 0.24 0.02
O
29 Cl ~Cl 111 0.05 0.03
3 ®
O N
30 4_S\Cl F 0.52 ~0.28 ~0.15
/ \ F
F
31 U\Cl NO, 1.97 0.29 0.20
0 - C
32 4_Sir /©/c1 1.08 0.03 0.20
0
33 Br ~Cl 1.63 021 0.12
3. C
0 N
34 L_Sir F 2.01 03 0.03
/[ \ .
35 Br Me ~Cl 0.61 021 ~0.05
3. »
0 N
36 A_Sjr Me:©/c1 1.1 0.04 0.20
0
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Table 1. (Contd.)

Experiment* Calculation
Run no. Ar Ar, b
EC5(), ].LMC 10g EC50 10g EC50
37 Br Me x 0.94 —0.03 0.12
8 »
O N
38 6\Br BrH,C cl 2.2 0.34 0.45
O ’ :
39 &Br HOHZC: : Cl 2.9 0.46 0.20
O
40 : Cl /©/Cl 40 1.6 1.73
F
41 Cl 40 1.6 1.56
F F
r0.9532
s 0.15

 The experimental values are taken from [14, 15]. ® For the calculation we used the relation (2). © ECs, is the concentration at which occurs
the splitting of up to 50% of the fluorescent substrate of caspase 3 in the cells of T47D line pre-treated with the corresponding derivative

[16].

Here n, is the number of fragments of ¢ type associated
with specific atoms; k;,.. is the number of pairs of
fragments of type ¢ and m with the corresponding
atoms separated by r chemical bonds. Types of
fragments ¢ or m are determined by chemical
composition and structural features of the considered
series of compounds. To construct the linear model,
the total number of types of fragments should not be
very large, since the corresponding fragment
contributions P, and P,,.. being the parameters of the
correlation equation are determined from a limited set
of experimentally measured activities by the method of
linear regression. The n, and k.. values describe the
molecular structure quantitatively, taking different
values for different compounds, and thus perform the
role of fragment descriptors. Such fragment descriptors
are well suited to represent in the numerical form the
molecular structures not featured by stereoisomerism,
as occurs in the case of the oxadiazole. The used
correlation models with the fragment descriptors as the
variables allow estimating activity of compounds
without detailed knowledge of its mechanism.

To represent the molecular structure of the
oxadiazole derivatives (Table 1) we selected 14 types
of fragments associated with different atoms and
groups of atoms. To nitrogen atom relate the fragments
of four types, designated as follows: to the fragment
N1 corresponds the nitrogen atom in the oxadiazole
ring, to N2 aromatic nitrogen in the pyridyl substituent,
the N3 fragment denotes a nitro group as a whole, the
N4 fragment corresponds to the nitrogen atom in
amino group. To the carbon atom are assigned three
types of fragments: C1 fragment is connected with the
carbon atom in the five-membered rings of oxadiazole,
thiophene, and furan, C2 is assigned to aromatic
carbon atom in the phenyl or pyridyl ring, C3 means
an aliphatic carbon atom in the substituents. To the
oxygen atom also correspond three types of fragments:
Ol denotes the oxygen atom in the five-membered
oxadiazole or furan ring, O2 is oxygen in the ether
groups of substituent, the O3 fragment encodes the
oxygen in a hydroxyl group. To the F, Cl, Br and S
atoms is assigned one type of fragments to each,
denoted, respectively, as F, Cl, Br and S. Thus, the
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indices ¢t and m in Eq. (1) may take 14 different values
listed above.

The maximum distance between the heavy atoms in
the compounds of the series of oxadiazole derivatives
is equal to 13 chemical bonds. The total number of
descriptors (mono-fragmental and different pairs at
different distances) reaches 1379. After exclusion of
the descriptors having zero or constant values for all
compounds of the series, as well as the correlated
descriptors (the correlation coefficient over 0.98),
remained 127 descriptors only. It must be emphasized
that the matrix of the descriptors values for all
compounds of this series is a very incompact one. Only
10 of 127 descriptors have non-zero values for all
compounds of the series, while 61 of descriptors (48%
of the total) has a non-zero values for less than
10 compounds of the considered set. Such an absence
of many contributions presents certain difficulties in

2325

interpreting the results. Of a set of 127 descriptors
were selected the most effective descriptors for the
regression models using the previously described
algorithm [6, 17]. The criterion for selection was the
requirement that the standard deviation of activity
obtained by the estimation with the model and the
experimental values was less than 0.19 logarithmic
units (~10% difference between the minimum and
maximum activity in this set of compounds). Models
of such accuracy included 7, 8, 9 or 10 variables. In
total, for the collection has been selected 1956 models,
which used 67 descriptors.

The collection of selected models includes one with
10 variables, in which the correlation coefficient r
between the calculated and experimentally measured
activity values is equal to 0.9532, and the standard
deviation s = 0.15 logarithmic units (see Table 1). The
expression (1) for this model takes the following form:

log (ECs0) = (0.4740.305) — (1.151£0.364)n0; — (0.71220.338)kc: a0 — (0.582+0.084 ke c2.7
— (0.49%0.101 )k .7 — (0.27620.11 1koy 2.5 — (0.175%20.117Yker.c1.7 — (0.115+0.042)kr 2.5

+(0.245+0.228 )k 3.1 + (0.285+0.034Ykca o1 + (1.3040.313Ykcr.c.11-

The descriptors O2; C1,N4-10; CI1,C2-7; Br,C2-7;
01,C2-5; CLC1-7 and F,C2-5 give negative con-
tributions into the relation (2), that is, the presence of
corresponding fragments in the structure a decrease in
active concentration. These descriptors are called
favorable for the activity of the apoptosis inducers.
Conversely, the descriptors with positive parameters in
Eq. (2) are unfavorable for this type of activity.

Consider the structural meaning of descriptors
selected for the best model. The descriptors O2 (the
number of ether oxygen atoms) and CI,N4-10 (the
number of pairs “chlorine atom-—nitrogen atom of
amine group separated by 10 chemical bonds”) have
the greatest negative parameters in Eq. (2). Note that
these descriptors have nonzero values only for a small
number of compounds of this series (for 3 and
2 compounds, respectively). In addition, it is seen that
with these descriptor well correlates the descriptor
C1,C3-11 (the number of the pairs: chlorine atom-—
aliphatic carbon atom separated by 11 chemical bonds)
with a positive parameter: in compounds with non-zero
CLC3-11 descriptor almost always (only exception is
the compound number 7) there is a contribution or
either O2, or C1,N4-10 descriptors. Therefore, to
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identify separately the role of each of these three
descriptors for this set of compounds is impossible.

Negative contributions of the descriptors CL,C2-7
(number of pairs of chlorine—aromatic carbon atoms
separated by seven chemical bonds), and Br,C2-7
(number of pairs of bromine—aromatic carbon atoms
separated by seven chemical bonds) to the relation (2)
indicate that the presence of a halogen atom or a
thienyl or furyl substituent enhances the compound
activity. The absolute value of Pcjcp7 is larger than
Pg, 27 indicating that the chlorine atom in the 5-aryl
substituent is slightly more preferable than the bromine
atom.

The descriptor CLLC1-7 gives a small negative
contribution in the case of the compounds containing
chlorine atom in the 3-aryl substituent, because only in
this case there is a chain of 7 bonds to a carbon atoms
of each of five-membered ring. Such a structure can be
found in both active (e.g., nos. 16, 24, 29, and 32,
Table 1) and inactive (e.g., nos. 1, 7, and 40) com-
pounds of the considered set.

The descriptor O1,C2-5 (the number of pairs:
oxygen atom of the five-membered ring-aromatic
carbon atoms separated by five chemical bonds) gives

No. 11 2011



Molecular structure of 3-(4-chlorophenyl)-5-(3-bromothio-
phen-2-yl)-1,2,4-oxadiazole. Dashed lines connect the
atoms in the pairs corresponding to the descriptor Br,C1-1
and Br,C2-7.

two contributions from the oxygen oxadiazole group in
all compounds of the xonsidered set, and an additional
contribution when the compounds has a furyl
substituent. The presence of CF; group is also
favorable for the activity, giving three negative con-
tribution of the C2,F-5 descriptor to the expression (2).

The descriptor C2,C2-1 (the number of aromatic
CC bonds) has several positive contributions in all the
compounds of the consideration set. The largest

Table 2. Derivatives of 3-aryl-5-aryl-1 ,2,4-oxadiazoles,
designed on the basis of calculation results, and their pre-
dicted activity

Run
Arl Arz log EC50a ECSO» MM
no.
1 Cl F -0.45 0.36
N
U\ [ T T
0 F
2 Cl 0.12 1.33
o L
(6] F F
3 Br | Me c1| 0.08 1.21
X
SNy
0 =N
4 Br F -0.26 0.55
N
@ L
F
5 Br | Ny -0.26 0.55
v A1,
0 !

* The values calculated by the relation (2).

TSYGANKOVA, ZHENODAROVA

number of aromatic CC bonds are found in the low-
active compounds, no. 40 and no. 41, that is, where
two aromatic substituents are phenyl derivatives.
Descriptor C2,C2-1 can also serve as an indicator of
the pyridyl substituent in the 3 position of 1,2,4-oxa-
diazole. In such compounds the value k¢, c>.1 by 2 units
less than in compounds with a phenyl substituent, and
compounds with pyridyl substituent tend to have lower
values of ECs, that is, they are more active (compare
compounds nos. 4 and 23; nos. 4 and 24; nos. 10 and
26; nos. 28 and 29, nos. 34 and 35). The exceptions are
the pairs no. 10 and no. 25, no. 32 and no. 33, in which
the meta-position of nitrogen atom to the substituent
may affect their activity: it can be seen that the
compounds are more active when the N atom in ortho-
position to the substituent (cf. nos. 23 and 24, nos. 25
and 26).

We can assume that the positive contribution from
the descriptor Br,C3-1, which is present only in
compounds nos. 17 and 38, points that the presence of
BrCH, group in the 3-phenyl substituent of oxadiazole
is undesirable.

The high frequency of occurrence of a descriptor in
the models of the entire collection in our opinion can
evidence the importance of an appropriate structural
element for the activity. Among the above descriptors,
four descriptors, C2,C2-1; O2; C1,N4-10 and C1,C3-11
occur in more than 50% models. The descriptor Br,C1-
1 also occurs frequently. On detailed inspection, it
turns out to be close in meaning with the Br,C2-7
descriptor of the best model. Both these descriptors
indicate the presence of Br atoms in a particular
situation: in the studied set of compounds only the
bromine atom in thienylnom or furyl residues contains
a carbon atom of the five-membered ring at a distance
of one bond, and an aromatic carbon atom at a distance
of seven bonds (see the figure). Thus, the importance
of the bromine atom in 5-aryl substituent is confirmed
by the analysis of the entire collection of models.
Another two descriptor of the best model, C2,F-5 and
C1,C2-7 occur in not less than 30% of the models of
collection, which also shows the importance of
associated structural elements: chlorine atom in the 5-
aryl substituent and the fluorinated groups in the 3-aryl
substituent.

Summing up all the said above about the role of the
descriptors in the best model, we propose the
following modification of the structure of 3,5-diaryl-
1,2,4-oxadiazoles to increase the activity: (1) using of
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Cl- or Br-furyl substituent in the 5-position,
(2) introducing CF; groups in the Ar, substituent,
(3) preference for pyridyl substituent in 3 position to
reduce the undesired positive contributions of the
C2,C2-1 descriptor. Within the chemical class of
compounds shown in Table 1, we can recommend the
new compounds with relatively high activity (Table 2).

Thus, using fragment descriptors and linear models
obtained by regression method, it was possible to
calculate the activity of the apoptosis inducers
involving the caspase, with good accuracy. Analysis of
the role of descriptors and their corresponding
elements of molecular structure, allowed us to propose
new compounds, which, according to the models will
have high activity. It should be noted, however, that
the set of compounds the inducers of apoptosis, which
were studied experimentally [14, 15], contains
insufficient systematic variants in molecular structure
to get a model that would reveal the role of ether
oxygen atom, amino group and aliphatic groups.
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