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ABSTRACTS

Quantitative structure - activity relationships (QSARs) developed to evaluate percentage of inhibition of
STa-stimulated (Escherichia coli) cGMP accumulation in T84 cells are calculated by the Monte Carlo
method. This endpoint represents a measure of biological activity of a substance against diarrhea. Statis-
tical quality of the developed models is quite good. The approach is tested using three random splits of
data into the training and test sets. The statistical characteristics for three splits are the following: (1)
n=20, > =0.7208, q° = 0.6583, s =16.9, F=46 (training set); n=11, 1* = 0.8986, s = 14.6 (test set); (2)
n=19, > =0.6689, q> = 0.5683, s = 17.6, F = 34 (training set); n=12, r?=0.8998, s=12.1 (test set); and
(3) n=20, *=0.7141, q*>=0.6525, s = 14.7, F=45 (training set); n=11, > =0.8858, s=19.5 (test set).
Based on the proposed here models hypothetical compounds which can be useful agents against diarrhea

are suggested.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Quantitative structure - activity relationships (QSARs) based on
the molecular descriptors [1-3] are widely used as a tool to predict
biochemical and medicinal characteristics of various compounds
[4-10]. Such approaches are successfully applied not only in re-
search but have been also broadly adopted by industry.

Diarrhea is a major health problem throughout the world. Only
12 years ago, in 2000 about 22% of all deaths of children in sub-
Saharan Africa, and 23% in South Asia, were attributed to diarrhea
diseases in 20 [11].

There is the compound that is a consider to be a starting sub-
stance for search of new effective inhibitors of physiological impact
of Escherichia coli (STa) that leads to diarrhea: 5-(3-bromophenyl)-
1,3-dimethyl-5,11-dihydro-1H indeno - [20,10,5,6] pyrido[ 2,3-d]
pyrimidine-2,3,6-trione (BPIPP) [11]. E. coli induces diarrhea when
it binds to intestinal epithelial cell membrane receptor, guanylyl
cyclase type C (GC-C). This process activates the enzyme to convert
guanosine triphosphate (GTP) to cyclic guanosine 30,50-mono-
phosphate (cGMP). In turn, such reaction induces activation of a
cGMP-dependent protein kinase and chloride-ion channel, cystic

* Corresponding author.
E-mail address: andrey.toropov@marionegri.it (A.A. Toropov).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.02.011

fibrosis transmembrane conductance regulator (CFTR). Finally,
activation of CFTR triggers the flux of chloride ions into the intes-
tinal lumen and the accumulation of water and sodium ions, thus
causing diarrhea [11,12].

The experimentally defined percentage of the inhibition of
accumulation in T84 cells cGMP (owing to presence of E. coli) is
the measure of the ability of a compound to become the possible
addition to therapeutic arsenal against diarrhea [11,12]. Computa-
tional studies provide useful way to propose the most promising
candidates for further experimental evaluation of their biological
activities, including the anti-diarrhea efficiency.

The aims of the present study are: (i) the evaluation of the COR-
AL software [13] as a tool of the QSAR modeling of the above-men-
tioned percentage of inhibition; and (ii) the theoretically aided
selection of compounds which can be efficiently therapeutic agents
for treatment of diarrhea (using of the CORAL models).

2. Method
2.1. Data set
The molecular structures and percentage of inhibition of STa-

stimulated ¢cGMP accumulation in T84 cells for 31 compounds
are taken from the literature [11,12]. Table 1 contains the list of
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Table 1
Inhibition of STa-stimulated cGMP accumulation in T84 cells.
ID” SMILES and structure % Inhibition experimental [11,12] % Inhibition calculation with Eq. (4)
1 Brc1ccec(c1)C2C5=C(NC3=C2C(=0)c4ccccc34)N(C)C(=O)N(C)C 86 51.762
5=0

2 7 —-4.210
3 Fc1ccee(c1)C2C5=C(NC3=C2C(=0)c4ccccec34)N(C)C(=0)N(C)C5 63 51.762
4 2 23.709
5 26 43.060
C5=0

6 Bretccec(c1)C3C4=C(NC=2CCC(=0)C=23)N(C)C(=0)N(C)C4=0 56 63.739

Ho |

N N\l/o

N
AN

(continued on next page)
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Table 1 (continued)

ID” SMILES and structure % Inhibition experimental [11,12] % Inhibition calculation with Eq. (4)

7 Oc1cec(ce10C)C2C5=C(NC3=C2C(=0)cdccccc34)N(C)C(=O)N(C) 29 44.848

8 CC(C)C(=0)N1C4=C(C(C2=C1N(C)C(=0)N(C)C2=0)c3ccc(Cl)cc3) 22 23.347
C(=0)c5cceccds

17 Fctoc(co(F)e1)C2C5=C(NC3=C2C(=0)cdccccc34)N(C)C(=0)N(C) 63 57.950
C5=0

18 Fc50c(C1C4=C(NC2=C1C(=0)c3ccccc23)N(C)C(=0)N(C)C4=0)c 42 64.138
(F)c(F)c5

19 62 57.950

c(F)c5F

20 N#Cc1ccoc(c1)C2C5=C(NC3=C2C(=0)ccccce34)N(C)C(=0)N(C) 23 55.267
C5=0
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Table 1 (continued)

D SMILES and structure % Inhibition experimental [11,12] % Inhibition calculation with Eq. (4)
21 FC(F)(F)c1ccee(c1)C2C5=C(NC3=C2C(=0)c4ccccc34)N(C)C(=0) 73 65.927
N(C)C5=0

FF

22 FC(F)(F)c5ccec(C1C4=C(NC2=C1C(=0)c3ccccc23)N(C)C(=0)N 80 65.927
(C)C4=0)c5F

FF

23 FC(F)(F)c1cc(ce(F)c1)C2C5=C(NC3=C2C(=0)cdccccc34)N(C)C 93 72115
(=0)N(C)C5=0

24 93 86.281

25 FC(F)(F)c1cc(ce(c1)C(F)(F)F)C2C5=C(NC3=C2C(=0)cdccccc34) 56 70.327
NC(=O)NC5=0

26 1 —-12.187

N4C

(continued on next page)
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Table 1 (continued)

ID” SMILES and structure % Inhibition experimental [11,12] % Inhibition calculation with Eq. (4)

27 FC(F)(F)c1cc(ce(c1)C(F)(F)F)C3C=5C(=0)c2ccccc2C=5NC4=C3C 19 22332
(=0)NC(=0)N4C

28 FC(F)(F)c1cc(ce(F)e1)C3C=5C(=0)c2ccccc2C=5NC4=C3C(=0)N -6 8.166
C(=O)N4C

29 FC(F)(F)c1cc(ce(c1)C(F)(F)F)C4c3c(nnc3c2cesc2)NC=5c6ccecc -2 6.740
C(=0)C4=5

8 7.502

31 0=C(Nc1nccs1)C=3C(c2cccc(Br)c2)=C4C(=0)N(C)C(=0)N(C)C4 1 3392
NC=3C
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Table 1 (continued)
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D SMILES and structure % Inhibition experimental [11,12] % Inhibition calculation with Eq. (4)
32 FC(F)(F)c1cc(ce(c1)C(F)(F)F)C2=C4C(=O)N(C)C(=O)N(C)C4NC 22 21.232
(C)=C2C(=0O)Nc3cccee3
33 Brc1ccec(c1)C3C=4C(=0)CC(CC=4NC=2N(C)C(=O)N(C)C(=0)C= 2 8.058
23)c5cccob
34 Fc1cc(cc(F)c1)C3C=4C(=0)CC(CC=4NC=2N(C)C(=O)N(C)C(=0) -16 14.246
C=23)c5ccco5
35 Fc1cee(c(F)c1F)C3C=4C(=0)CC(CC=4NC=2N(C)C(=O)N(C)C(=0) -3 14.246
C=23)c5cccob5
Ib 7 23.709

(continued on next page)
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Table 1 (continued)

ID” SMILES and structure

% Inhibition experimental [11,12] % Inhibition calculation with Eq. (4)

1lb Fc1ccee(c1)e3c5¢(nc2¢3C(=0)N(C)C(=0)N2C)c4cececdC5=0

Vla  Oclocc(ce10CC)C2C5=C(NC3=C2C(=0)cdccccc34)N(C)C(=0)N

(C)C5=0

VIl Clc1cce(ce1)C2C5=C(N(C3=C2C(=0)c4cccee34)C(=0)CCCIN(C)

C(=0)N(C)C5=0

17 23.709
42 46.637
38 17.159

" ID for compounds taken from the literature [11,12].

Table 2
The identity” obtained for three random splits.
Split 1 Split 2 Split 3
Split 1 100% 45.2% 35.5%
Split 2 100% 41.9%
Split 3 100%

) Identity;; = % x 100% where E;; is the number of compounds which have the
same distribution (i.e. both in the training set or, vice versa, both in the test set) for
i-th and j-th splits.

the considered compounds. Three random splits of the experimen-
tal data into the training set (~67%) and test set (~33%) are carried
out. Three principles of the split are followed: (i) the range of the
endpoint for the training set and test set should be as similar as
possible; (ii) the splits should be random; and (iii) the splits should
be different. The data displayed in Table 2 shows that three above-
mentioned splits are different.

2.2. Optimal descriptors

The optimal SMILES [14-17] based descriptors used to model
the % inhibition are calculated as the following:

DCW (Threshold, Nepoch) = > CW/(S) (1)

where S is SMILES atom, i.e. one (e.g. ‘C’, ‘N’, * =, etc.) or two char-
acters which cannot be examined separately (‘CI’ and ‘Br’); CW(S) is
correlation weight for S, that is necessary to calculate with Eq. (1).

The numerical values for CW(Sy) are calculated with Monte Carlo
method optimization which gives maximum of correlation coeffi-
cient between DCW(Threshold, Nepocx) and % inhibition for the train-
ing set. Having the data one can calculate DCW(Threshold, Nepoch) for
all compounds of the training set and define the model as follows:

%Inhibition = Co + C; x DCW (Threshold, Nepoch ) (2)

The model calculated with Eq. (2) should be tested using the com-
pounds of an external test set. Table 3 contains an example of cal-
culation DCW(12,39) for split 1. It should be noted that the
descriptors are not 1D since they are based on data not only related
to the bruto formula, but they are calculated with data related to
presence of rings and double and triple covalent bonds.

3. Results and discussion

Three runs of the Monte Carlo optimization with threshold from
1 to 15 were carried out for each split. In fact, for the CORAL models
the correlation coefficient between descriptor and endpoint for
external test set is a mathematical function of the Threshold and
Nepoch:
RZ,, = F(Threshold, Ngpoc) 3)

test

It is clear that only model with high R?., can be considered as ro-
bust according to OECD principles [18].

The performed here computational experiments have shown
that preferable values of Threshold and Nepocn, for various splits
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Table 3
An example of DCW(Threshold, Nepoch) calculation:

Structure =

SMILES = Brelecee(c1)C2C5=C(NC3=C2C(=0)cdcccec34)N(C)C(=0)N(C)C5=0

DCW(12,39) = 10.45450

Sk CW(Sy) Nrrn™ Nist
0.0 4 2
—-0.9165 20 11
3.0730 20 11
-0.9165 20 11
—-0.9165 20 11
-0.9165 20 11
-0.9165 20 11
0.1280 20 11
—-0.9165 20 11
3.0730 20 11
0.1280 20 11
0.0740 20 11
41655 20 11
0.0740 20 11
1.5460 16 11
—2.0595 20 11
0.0740 20 11
0.1280 20 11
0.0710 20 11
0.0740 20 11
3.0825 20 11
—2.0595 20 11
0.0740 20 11
4.1655 20 11
0.0740 20 11
0.1280 20 11
—2.0595 20 11
—0.1800 20 11
0.1280 20 11
-0.9165 20 11
3.0335 19 11
—-0.9165 20 11
-0.9165 20 11
-0.9165 20 11
—-0.9165 20 11
-0.9165 20 11
3.0825 20 11
3.0335 19 11
0.1280 20 11
0.0710 20 11
0.1280 20 11
0.0740 20 11
0.1280 20 11
0.0740 20 11
0.1280 20 11
—2.0595 20 11
—0.1800 20 11
0.1280 20 11
0.0710 20 11
0.1280 20 11
0.0740 20 11
0.1280 20 11
0.0740 20 11
1.5460 16 11
—2.0595 20 11
—0.1800 20 11

" Nrrn and Nygr are the number of a given Sy in the training and test sets, respectively.

221
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Table 4
The numerical data on the correlation weights CW(Sy) calculated by the Monte Carlo method for split 1, split 2, and split 3. Molecular features (extracted from SMILES) with stable
positive values of correlation weights are indicated in bold.

No. Sk CW(S) Run 1 CW(S,) Run 2 CW(Sk) Run 3 Nrrn© Nrst
Split 1

Promoters of increase

1 0.09600 0.10850 0.11450 20 11
2 5.20300 4.20000 1.85100 20 11
3 2.67900 3.96650 3.34250 20 11
4 3.28850 3.72500 2.63750 20 11
5 0.25300 0.25100 0.21150 20 11
6 0.04700 0.05750 0.05300 20 1
7 3.68450 3.85100 3.72500 19 11
8 1.89700 1.97200 1.91150 16 11
Promoters of decreas

1 L —2.79500 —2.90000 —2.73850 20 11
2 o) -0.31350 -0.31350 —0.29150 20 11
3 c —1.13350 —1.17900 —1.14050 20 11
Rare

1 0.0 0.0 0.0 11 6
2 0.0 0.0 0.0 4 2
3 0.0 0.0 0.0 3 2
4 0.0 0.0 0.0 2 0
5 0.0 0.0 0.0 2 (1]
6 0.0 0.0 0.0 1 0
7 0.0 0.0 0.0 1 0
8 o... 0.0 0.0 0.0 1 2
Split 2

Promoters of increase

1 0.13550 0.13550 0.12500 19 12
2 3.88550 2.76550 3.22500 19 12
3 4.01450 2.93850 3.10300 19 12
4 4.33550 3.47700 4.25850 19 12
5 0.23550 0.24150 0.27000 19 12
6 0.07200 0.12100 0.11650 19 12
7 3.97900 3.91550 3.93000 18 12
8 . 1.86550 1.78350 1.81350 16 11
Promoters of decrease

1 —2.89150 —2.82700 —2.89900 19 12
2 —0.35300 —-0.35300 —0.37500 19 12
3 [~ -1.18750 -1.13750 —1.15000 19 12
Rare

1 0.0 0.0 0.0 9 8
2 0.0 0.0 0.0 4 2
3 0.0 0.0 0.0 4 1
4 0.0 0.0 0.0 2 0
5 0.0 0.0 0.0 2 1
6 0.0 0.0 0.0 2 0
7 0.0 0.0 0.0 1 0
8 0.0 0.0 0.0 1 0
Split 3

Promoters of increase

1 0.15300 0.13850 0.13350 20 11
2 3.30850 3.41150 2.84050 20 11
3 3.36550 3.98650 2.65200 20 11
4 3.56750 3.61050 4.76150 20 11
5 0.25300 0.28750 0.27700 20 1
6 0.03450 0.02400 0.02600 20 11
7 4.46550 4.48950 4.31650 19 11
8 . 2.38650 2.38650 2.30400 16 11
Promoters of decrease

1 —2.93350 —3.01250 —2.89800 20 11
2 —0.57000 —0.59900 —0.58250 20 11
3 —1.37300 —1.38550 —1.33250 20 11
Rare

1 0.0 0.0 0.0 9 8
2 0.0 0.0 0.0 5 1
3 0.0 0.0 0.0 5 0
4 0.0 0.0 0.0 2 0
5 0.0 0.0 0.0 1 0
6 0.0 0.0 0.0 1 0
7 0.0 0.0 0.0 1 1
8 0.0 0.0 0.0 1 2

" The number of given S in the training set.
" The number of given S in the test set.
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Table 5
Predicted values of % inhibition for compounds developed in this study using QSAR principles.
Probe SMILES and structure Eq. (4) Eq. (5) Eq. (6)
1 Cc1lecec(c1)C2C5=C(NC3=C2C(=0)c4ccccc34)N 53.5 51.5 53.8
(C)C(=O)N(C)C5=0
2 61.5 60.8 62.2
3 -99 —15.8 13.0
0=C2C=1C(C4=C(NC=1c3ccccc23)N(C)C(=O)N(C)
C4=0)C=5C=CCNC=5
4 97.5 98.2 107.8
CN1CC=CC(=C1)C2C5=C(NC3=C2C(=0)c4ccccc3
4)N(C)C(=O)N(C)C5=0
5 97.4 95.3 104.2
CN1C=C(C=NC1)C2C5=C(NC3=C2C(=0)c4ccccc3
4)N(C)C(=0O)N(C)C5=0
H
N N\l/o
N
N
N\/N\
6 55.6 52.1 69.4

CN1C=C(CN(C)C1)C3C=5C(=0)c2cccec2C=5NC=
4N(C)C(=0)N(C)C(=0)C3=4

L o
N._N
e

(continued on next page)
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Probe SMILES and structure Eq. (4) Eq. (5) Eq. (6)
7 55.3 56.0 58.0
Cc1cee(cc1C)C2C5=C(NC3=C2C(=0)c4ccccc34)N
(C)C(=O)N(C)C5=0
8 63.3 65.3 66.4
9 65.1 69.7 70.5
CCc1cc(cc(CC)c1)C2C5=C(NC3=C2C(=0)c4ccccc
34)N(C)C(=0O)N(C)C5=0
H
N
10 64.9 63.8 63.3

CNc1cc(cc(NC)c1)C2C5=C(NC3=C2C(=0)cdccccc
(C)C5=0

are not the same. These are Threshold = 12 and Nepocr = 39 for split
1; Threshold = 10 and Np,c, = 58 for split 2; and Threshold = 10 and
Nepoch = 62 for split 3. The models obtained under these conditions
are the following:

%inhibition = —200.9516(£7.731) + 24.1727(+0.8248)
«DCW(12,39) (4)

n=20, r*=0.7208, q* = 0.6583, s = 16.9, F = 46 (training set) n=11,
1? = 0.8986, R,,2 = 0.64, s = 14.6 (test set)

%inhibition = —107.0738(£4.075) + 15.9875(0.5341)
«DCW(10,62) (5)

n=19, r?=0.6689, qg* = 0.5683, s = 17.6, F = 34 (training set) n=12,
? =0.8998, R,,2 = 0.86, s = 12.1 (test set)

%inhibition = —107.0738(+4.075) + 15.9875(+0.5341)
« DCW(10,62) (6)

n=20,r*=0.7141, ¢* = 0.6525, s = 14.7, F= 45 (training set) n =11,
? = 0.8858, R,2 = 0.57, s = 19.5 (test set).

In Egs. (4)-(6), n is the number of compounds in the set; ris cor-
relation coefficient; s is standard error of estimation; F is Fischer F-
ratio; and R,,% (a model has predictability if R, larger than 0.5) is
metric of predictability according to Roy et al. [19-21].

One can see (Table 4) that there are three categories of molec-
ular features: stable promoters of increase (positive correlation
weights); stable promoters of decrease (negative correlation
weights); and rare (correlation weights are zero). Rare molecular
features for the given data are uninformative. However, two other
categories of the molecular features can be used for searching com-
pounds with the high % inhibition. One can see, that the presence
of carbon atoms (sp?) and nitrogen atoms (sp>) should lead to in-
crease % inhibition.

Table 5 contains some proposed by us hypothetical compounds
which can be perspective efficient agents against diarrhea. Maxi-
mal inhibitor potential is revealed for probe 4 and probe 5. Per-
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centage larger than 100 Eq. (6) is unfeasible, but since this is a
model such values could be interpreted as “high percentage” of
the inhibition.

It is necessary to follow already established rules in performed
research. The OECD principles for the validation, for regulatory
purposes, of (quantitative) structure-activity relationship models
are the following [18]:

(1) a defined endpoint;

(2) an unambiguous algorithm;

(3) a defined domain of applicability;

(4) appropriate measures of goodness-of - fit, robustness and
predictivity;

(5) a mechanistic interpretation, if possible.

In the present study endpoint represents the experimental per-
centage of inhibition. The algorithm is described and the CORAL soft-
ware is available on the internet. The domain of applicability can be
defined as the following: (i) structures which are derivatives of com-
pound #1 (Table 1); and (ii) structures without rare molecular fea-
tures (Table 4). The measures of robustness are traditional
statistical characteristics: correlation coefficient (?) and standard
error of estimation (s). Finally, the models Eqgs. (4)-(6) provide possi-
bility of classification of molecular features into three categories:
promoters of increase for the endpoint, promoters of decrease of
the endpoint,andrare. We believe that the datarevealed by our study
can be useful in order to define perspective drugs against diarrhea.

4. Conclusions

Application of CORAL software allows developing reasonable
good models for the inhibition of STa-stimulated cGMP accumula-
tion in T84 cells. The approach was tested by performing three dif-
ferent splits of the data into the training set and test set. The
CORAL software creates models which obey the OECD principles
of QSAR validation.
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