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Abstract A series of 53 endochin analogs (4(1-H)-
quinolone derivatives) with anti-malarial activity against the
clinically relevant multidrug resistant malarial strain
TM-90-C2B has been studied. The CORAL (http://www.insi
lico.eu/coral) software has been used as a tool to build up
the quantitative structure—activity relationships (QSAR) for
the anti-malaria activity. The QSAR models were calcu-
lated with the representation of the molecular structure by
simplified molecular input-line entry system and by the
molecular graph of atomic orbitals. The method for split-
ting data into the sub-training set, the calibration set, the
test set, and the validation set is suggested. Three various
splits were examined. Statistical quality of models for the
validation sets (which are not involved in the building up
models) is good. Structural indicators (alerts) for increase
and decrease of the anti-malaria activity are defined.
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Introduction

Malaria still remains one of the major health problems in
the world, consequently the search for new anti-malarial
drugs is an important task of medicinal chemistry [1].
Quantitative  structure—activity/property  relationships
(QSARs/QSPRs) can be useful for the solution of this
problem [1, 2]. Molecular descriptors which are calculated
with molecular graph are basis of the QSPR/QSAR anal-
yses [3, 4] by means of various approaches such as, mul-
tiple regression analysis [5], virtual screening [6], artificial
neural networks [7].

The CORAL (Correlation And Logic) software is a tool
to build up a QSAR model by means of so-called optimal
descriptors which are calculated with the Monte Carlo
method [8, 9]. The representation of the molecular struc-
ture for the software is the simplified molecular input-line
entry system (SMILES) [10-12] that can be converted into
molecular graphs [9].

The aims of the present study are (i) the estimation of
the CORAL models for anti-malaria activity; and (ii) an
attempt to define the molecular structure for the potential
promising anti-malaria agents.

Method
The data set

A series of 53 endochin analogs (4(1-H)-quinolone deriv-
atives) with anti-malarial activity against the clinically
relevant multidrug resistant malarial strain TM-90-C2B
(Table 1) has been taken from the literature [1]. The neg-
ative decimal logarithm of the effective concentration
[PEC50 = log (107"9/EC50 (nM)] has been used as the

@ Springer


http://www.insilico.eu/coral
http://www.insilico.eu/coral
http://dx.doi.org/10.1007/s11224-012-0180-2

1370 Struct Chem (2013) 24:1369-1381

Table 1 The molecular structures of 53 endochin analogs of 4(1-H)-quinolone derivatives

1 2 3 HsG 5
HsC CHj HaC
0= NH CHj
0 NH
CH, O—CHj, CHj
— — CHj
O NH O=— NH —
0= NH
0
/ 4
HsC
6 Q Br CHgy H3C
O o= NH
CH
CH4 3
— ——
O— _
— NH | O NH 18
O -
o= NH
9
HaC 12 13 CHg Br
HsC
\
() g
CHs o — —
\ — HN O | 14HC Br | HC Br
0— __
NH 15
CH, H3C Br
0= NH g
11

@ Springer



Struct Chem (2013) 24:1369-1381

1371

Table 1 continued
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Table 1 continued
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Table 1 continued
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endpoint. The QSAR models were built up for three ran-
dom splits.

Splitting

The proper splitting of the dataset into the corresponding
training and test sets plays the important role for the suc-
cessful development of a QSAR model [13, 14]. In the
present study, the splits were selected according to the
following principles: (i) the range of the endpoint is
approximately the same for each sub-set; (ii) the splits are
random; and (iii) the splits are not identical (Table 2). The
validation set contains molecular structures which are not
involved in the building up of the models. We have checked
up level of identity of these splits (Table 2). Table 2 shows
that these random splits are different enough.

Optimal descriptors

The molecular structure can be represented by SMILES
(Fig. 1) and by molecular graph, in particular, the graph of
atomic orbitals (GAO). The SMILES and GAO are dif-
ferent representations of the molecular structure (Fig. 2).
We believe that the “hybrid” representation of the
molecular structure, i.e., by SMILES together with GAO,
can give a model characterized by higher statistical quality
than model which is based on the representation of the
molecular structure by solely SMILES (or solely GAO).

The hybrid optimal descriptors were used to build up
model for the pEC50:

Hybrichw<T7 Nepoch) = SMILESDCW(T, Nepoch)
+ GAODCW(T,Nepoch) (l)

Table 2 Percentage of identity of splits 1-3

Set Split 1 (%)  Split 2 (%)  Split 3 (%)
Split 1~ Sub-training  100%* 18.8 38.9
Calibration 100 19.4 19.4
Test 100 0.0 20.0
Validation 100 0.0 21.1
Split 2 Sub-training 100 28.6
Calibration 100 333
Test 100 36.4
Validation 100 40.0
Split 3 Sub-training 100
Calibration 100
Test 100
Validation 100
*Identity(%) = 05(’;7%,) x 100
where

N;; is the number of substances which are distributed into the same
set for both i-th split and j-th split (set = sub-training, calibration,
test, validation)

N; is the number of substances which are distributed into the set for
i-th split

N; is the number of substances which are distributed into the set for
Jj-th split
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where
SMLES DCW (T, Nepocn) = Y CW (Sk)
SAODCW (T, Nepocn) = Y CW(AO) + Y CW(ECO,)

T is threshold for definition of rare (noise) molecular
features: T =1 and 2 were examined (if an molecular
feature, x, that is extracted from SMILES or GAO takes
place less than T times, in the sub-training set, then the
correlation weight of the x, CW(x) = 0, i.e., the x should
be removed from the building up of the model);

Nepoch is the number of the epochs of the Monte Carlo
optimization: Nepocn = 150 has been selected;

S is attribute of SMILES: it may be two symbols, which
cannot be examined separately (e.g., “Cl”, “Br”, etc.), butin

the majority Sy contains one symbol (“C”, “O”, “=", etc.);
(0]
Br
N CHs
H

0O=C1c2ccccc2NC(C)=C1Br

Fig. 1 The molecular structure and SMILES for compound #8

Fig. 2 The architecture of the
GAO and several examples of
the definitions for Morgan
extended connectivity of zero
order for compound #8

@ Springer

AQOy is atomic orbitals such as, 1s2, 2p3, 3d10, etc.
(Fig. 2).

ECOy is the Morgan extended connectivity of zero order
(i.e., the vertex degree) in the GAO (Fig. 2);

CW(x) is the correlation weights for x (some molecular
feature which can be extracted from SMILES or from
GAO). Table 3 contains an example of the CW(x) calcu-
lated with the Monte Carlo method. Table 4 contains an
example of the calculation with the correlation weights.

The principle of the building up a QSAR by means of
the CORAL software is the calculation of the CW(x) pro-
viding the maximum of a target function (7F) [15-17].

TF =R+ R — |R — R'| x Const (2)

where R and R’ are correlation coefficients between pECS50
and Hybn'dDCW(T,NepOCh); Const is an empirical constant
(we have used Const = 0.1).

In fact the CORAL software should be used according to
the following scheme: (i) the phase 1, one should carry out
several runs of the Monte Carlo method optimization to
define the preferable threshold and Nepoch; Which give best
statistical quality of the model for the test set; and (ii) the
phase 2, one should build up a model using the preferable
threshold and Nepocn and check up the model with external
validation set, which was invisible during the definition of
the preferable threshold and Nepoch.
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Table 3 C(')rrelation weights Molecular features (x) CW(x) Nirn Ncig Nrst

for palculatlon of d from SMILES

HYOA DOV (T, Nepocn ) for the o GAD

case of split 1 (Eq. 4)
H#oo —5.89900 1 1 0
(CTTT —1.22500 20 13 10
[oveiinnn —1.13975 1 0 1
| U 0.76875 20 13 10
2 0.90000 20 13 10
3 0.45225 8 9 6
T 1.30200 20 13 10
Coiiienne 0.26550 20 13 10
Fooo 2.86025 2 0 1
ECO-1s1 3... 0.17075 20 13 10
ECO-1s2 11.. 1.71775 5 7 5
ECO-1s52 12.. 0.0 0 0 1
ECO-1s2 14.. 1.00300 5 1
ECO-1s2 3... 0.20300 20 13 10
ECO-1s2 6... —0.04075 20 13 10
ECO-152 7... 0.39900 20 13 10
ECO-152 9... —1.21125 20 13 10
EC0-3d103... 1.52500 5 1 1
ECO0-2p2 11.. 1.32725 5 7 5
ECO0-2p2 12.. 0.0 0 0 1
ECO0-2p2 14.. 1.10400 5 1 1
EC0-2p2 3... 3.54475 20 13 10
EC0-2p2 6... 0.13025 13 5 6
ECO0-2p2 7... 0.55925 20 13 10
EC0-2p2 9... 2.28250 20 13 10
EC0-2p3 6... 3.42275 19 13 9
ECO0-2p3 9... 1.40300 1 0 1
ECO0-2p4 3... 0.67825 20 13 10
ECO0-2p4 6... 0.93625 12 6 5
EC0-2p5 3... 2.84375 2 0 1
ECO0-2p6 3... —1.80300 10 8 6
EC0-252 11.. 1.35400 5 7 5
EC0-2s52 12.. 0.0 0 0 1
EC0-2s52 14.. 1.25225 5 1 1
EC0-252 3... 0.25950 20 13 10
EC0-252 6... —0.02700 20 13 10
ECO0-252 7... 0.21975 20 13 10
EC0-252 9... —0.89675 20 13 10
ECO0-3p5 3... 1.40400 5 7 5
ECO0-3p6 3... 1.19600 5 1 1
ECO0-3s2 3... —1.84500 10 8 6
EC0-4p5 3... 1.11550 5 1 1
EC0-4s2 3... 1.05225 5 1 1
Br.......... 1.50400 5 1 1
Cl......... 1.10925 5 7 5
N 0.66150 20 13 10
O.ovvennen 0.12300 20 13 10

* Nrgns News, and Npgr are the L 0.0 0 1 0

numbers of the x in the sub- Coveeneane —0.73000 20 13 10

training, calibration, and test set
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Table 4 An example of the calculation for ™*DCW(I,

138) = 22.12050

Molecular features (x) Correlation Weight, CW(x)

Extracted from GAO

ECO-1s2 3... 0.203
ECO0-2s2 3... 0.260
ECO0-2p4 3... 0.678
ECO0-1s2 9... —1.211
ECO0-2s2 9... —0.897
ECO0-2p2 9... 2.283
ECO0-1s2 9... —1.211
ECO0-252 9... —0.897
ECO0-2p2 9... 2.283
ECO-1s2 7... 0.399
ECO0-2s2 7... 0.220
ECO0-2p2 7... 0.559
ECO-1s2 7... 0.399
ECO0-252 7... 0.220
ECO0-2p2 7... 0.559
ECO-1s2 7... 0.399
ECO0-252 7... 0.220
ECO0-2p2 7... 0.559
ECO-1s2 7... 0.399
ECO0-252 7... 0.220
ECO0-2p2 7... 0.559
ECO0-1s2 9... —1.211
ECO0-252 9... —0.897
ECO0-2p2 9... 2.283
ECO0-1s2 6... —0.041
ECO0-252 6... -0.027
ECO0-2p3 6... 3.423
ECO0-1s2 9... —1.211
ECO0-252 9... —0.897
ECO0-2p2 9... 2.283
ECO-1s2 3... 0.203
ECO0-2s2 3... 0.260
ECO0-2p2 3... 3.545
ECO-1s2 14.. 1.003
ECO0-2s2 14.. 1.252
ECO0-2p2 14.. 1.104
ECO-1s2 3... 0.203
ECO0-2s2 3... 0.260
ECO0-2p6 3... —1.803
ECO0-3s2 3... —1.845
ECO0-3p6 3... 1.196
EC0-34103... 1.525
ECO0-4s2 3... 1.052
ECO0-4p5 3... 1.115
ECO-1s1 3... 0.171
ECO-1s1 3... 0.171

@ Springer

Table 4 continued

Molecular features (x) Correlation Weight, CW(x)

ECO-1s1 3... 0.171
ECO-1s1 3... 0.171
Extracted from SMILES

O 0.123
=i 1.302
Covenennnne 0.266
T 0.769
Covenennnne —0.730
2 0.900
Coviennnn —0.730
Covinnnnn —0.730
Covenennne —0.730
Covenennnne —0.730
Covenennne —0.730
2 0.900
Novoonnn 0.661
Coveiennnne 0.266
(PPN —1.225
Coovinnnnn 0.266
(PPN —1.225
=i 1.302
Covenennnne 0.266
T 0.769
Br.......... 1.504

The representations of the molecular structure of this compound by
SMILES and by GAO are shown in Figs. 1 and 2, respectively. (ID 8,
split 1, Eq. 4)

Results and discussion

Table 5 contains the statistical quality of one-variable
models which can be represented by the generalized
formula

pECSO = CO + Cl X HybridDCW (T7Nepoch) (3)

One can see (Table 5) that the best statistical quality for
all splits takes place if the threshold equals to 1. The
average values of the Nepocn are 138, 133, and 140 for split
1, split 2, and split 3, respectively. The using of above-
mentioned threshold and the number of epochs gives the
following models for the pEC50:

Split 1
PEC50 = 0.6293 (+0.1583) + 0.2784 (£0.0075)
« DCW(1,138)
(4)
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Table 6 The checking of models calculated with Eqgs. 4-6 (for test
sets) with Y-randomization

Probe of Split 1, Split 2, Split 3,
Y-scrambling Eq. 4 Eq. 5 Eq. 6
R’ R’ R?

R’ 0.9783 0.7949 0.9553
1 0.4236 0.2104 0.1318
2 0.9698 0.3638 0.0307
3 0.0075 0.5909 0.4882
4 0.4587 0.0550 0.4388
5 0.8696 0.1802 0.4893
6 0.4537 0.1820 0.0400
7 0.1433 0.1681 0.6808
8 0.2080 0.6054 0.2732
9 0.0298 0.2157 0.3258
10 0.0029 0.2309 0.8788
R? 0.3567 0.2802 0.3777
ng 0.7798 0.6396 0.7428

The R?, is average for ten probes of the Y-scrambling. The "Rz

(calculated by CRIZI =R\/R> — Ff) should be larger than 0.5 [18]

n =20, R* = 0.7009, ¢> = 0.6494, s = 0.575, F = 42
(sub-training set)

n=13, R> = 0.7009, s = 0.529 (calibration set)

n =10, R* = 0.9783, s = 0.569 (test set)

n =10, R> = 0.6130, s = 0.89, R2, = 0.55 (validation
set)

Split 2
PEC50 = 0.0003 (£0.1233) + 0.4544 (40.0097)
« DCW(1,133)

(5)

n =12, R> = 0.8918, ¢> = 0.8618, s = 0.350, F = 82
(sub-training set)

n =18, R> = 0.6966, s = 0.507 (calibration set)

n =12, R* = 0.7949, s = 0.602 (test set)

n=11,R* = 0.6252, s = 0.641, R%, = 0.57 (validation
set)

Split 3

pEC50 = —0.0020 (+£0.2170) + 0.3613 (£0.0122)
« DCW(1, 140)

(6)

n =16, R* = 0.7365, ¢> = 0.6750, s = 0.604, F = 39
(sub-training set)

@ Springer

n =18, R* = 0.7367, s = 0.577 (calibration set)

n = 10, R* = 0.9553, s = 0.343 (test set)

n=29, R* = 0.6886, s = 0.522, R2, = 0.66 (validation

set)
in the Eq. 4-6, n is the number of compounds in the set, r is
the correlation coefficient, q2 is the leave-one-out cross-
validated correlation coefficient; s is the standard error of
estimation, F is the Fischer F-ratio, and Rﬁ1 is the criterion
of the predictability of a model (the model has
predictability if RZ > 0.5) [1, 13]. The developed QSAR
models were further validated using the Y-scrambling
(Table 6) to examine their robustness [8, 18].

The statistical characteristics of the model for anti-
malaria activity [1] (the same 53 substances) are the
following: n train = 39, Rigin = 0.797, Syain = 0.517;
n test = 14, R, = 0.808. We believe that the statistical
quality of models which are calculated with Egs. 4-6
comparable with the above-mentioned model [1], but one
should consider the analysis for three splits, as more robust
data than data for only one split.

The analysis of correlation weights which were obtained
in three runs of the Monte Carlo optimization for each split
gives the possibility to detect (i) structural features with
stable positive values of the correlation weights, which are
promoter of the endpoint increase; and (ii) structural fea-
tures with stable negative values of the correlation weights,
which are promoters of the endpoint decrease. By this
manner, we have established, that the presence of nitrogen
is the stable promoter of the pEC50 increase, vice versa,
the presence of branching (this is encoded in SMILES by
brackets) is the stable promoter of the pEC50 decrease
(Table 7). In other words, models calculated with Eqs 4-6
have the mechanistic interpretation. Table 8 contains an
example of the design of structures of 4(1-H)-quinolone
derivatives which can be perspective anti-malaria agents.

Thus, the CORAL software can be a tool for QSAR
analysis of the anti-malaria activity of 4(1-H)-quinolone
derivatives. Supplementary materials section contains three
splits which were studied (SMILES and numerical data on
the pEC50).

Conclusions

The CORAL software gives models of anti-malaria activity
of good statistical quality (Table 5). The statistical quality,
however, is considerably dependent on the distribution of
available substances into the sub-training set, the calibra-
tion set, the test set, and the validation set. The computa-
tional experiments gave statistically stable structural alerts
(promoters of increase or decrease of pEC50, Table 7).
One can use these alerts in the search for new potential
anti-malaria agents (Table 8).
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Tab,l (? 7 The analysis 9f the Split  Molecular Correlation weights,  Correlation weights,  Correlation weights, ~Ntrn  Ncrp  Ntst
stability of the correlation features, x CW() CW() CW(x)
weights of molecular features Run 1 Run 2 Run 3
(stable positive or stable
negative values for all splits in 1 0.92900 0.90425 0.70325 20 13 10
series of the runs of the Monte 1.04800 0.98125 1.23975 20 13 10
Carlo method optimization) S 0.57700 0.85300 0.69600 0 1310
Covennnnnn 0.37725 0.28425 0.23525 20 13 10
ECO-1s1 3... 0.37500 0.48425 0.31125 20 13 10
ECO-1s2 3... 0.00500 0.06050 0.17700 20 13 10
ECO-1s2 7... 0.29675 0.27700 0.57175 20 13 10
ECO0-2p2 3... 3.90950 4.09675 4.02000 20 13 10
ECO0-2p2 7... 0.46250 0.35725 0.35425 20 13 10
ECO0-2p29... 2.16675 2.27375 2.10100 20 13 10
ECO0-2p4 3... 0.97800 0.96025 0.83425 20 13 10
ECO0-2s2 3... 0.07300 0.08525 0.20200 20 13 10
EC0-252 7... 0.35950 0.45625 0.35400 20 13 10
Noiiiae 0.18250 0.86750 1.11875 20 13 10
(TR —1.21350 —-1.22700 —1.22900 20 13 10
ECO-1s2 9... —0.89575 —0.89475 —1.04800 20 13 10
ECO0-252 9... —0.94050 —1.24250 —0.84175 20 13 10
Coviiins —0.87075 —0.89900 —0.96050 20 13 10
2 ) DU 1.35225 1.37000 1.20300 12 18 12
2 1.33000 1.32925 1.18625 12 18 12
Coviiinns 1.01475 0.78350 0.68025 12 18 12
ECO-1s2 3... 0.26650 0.25325 0.25950 12 18 12
ECO-1s2 7... 0.15825 0.22500 0.43125 12 18 12
EC0-2p2 3... 2.62925 2.80925 2.82800 12 18 12
ECO0-2p2 7... 0.22375 0.10000 0.39050 12 18 12
EC0-2p2 9... 1.57625 1.37925 1.53225 12 18 12
EC0-2p3 6... 2.58125 2.63450 2.49600 12 17 12
ECO0-2s2 6... 0.03225 0.17500 0.16025 12 18 12
EC0-252 7... 0.52900 0.04175 0.31050 12 18 12
N 1.49800 1.27900 1.34675 12 18 12
[COTTR —1.01650 —0.98350 —1.02275 12 18 12
S —1.38450 —1.26450 —1.37175 12 18 12
ECO-1s2 9... —0.62100 —0.80200 —0.93525 12 18 12
EC0-2p4 3... —4.51650 —4.59775 —4.11750 12 18 12
EC0-252 9... —1.07375 —0.57700 —0.52100 12 18 12
O.cenennne —0.83650 —0.85125 —0.52100 12 18 12
3 ) DU 1.22100 1.21150 1.30950 16 18 10
2t 1.46450 1.62400 1.58425 16 18 10
ECO-1s2 3... 2.59800 2.61775 2.53125 16 18 10
EC0-2p2 9... 2.51250 2.29575 2.12300 16 18 10
ECO0-2s2 3... 2.74250 2.65000 2.57725 16 18 10
N 1.45925 1.30225 1.39800 16 18 10
4.12625 3.97825 3.90825 14 18 10
—1.23850 —1.17825 —1.00100 16 18 10
—0.84375 —0.91050 —1.04500 16 18 10
. Cooni —0.18425 —0.24475 —0.29775 16 18 10
Nrrn: Nevs, and Nrsy are the EC0-152 9... —1.24075 —1.29075 —1.35300 16 18 10
numbers of the x in the sub-training,
calibration, and test set. The stable ECO-2p23...  —0.24675 —0.09175 —0.04600 16 18 10
promoter of the pEC50 increase for EC0-2p4 3... —1.69600 —1.49075 —1.95325 16 18 10
all splits and all runs is the presence EC0-252 6... —0.20000 —0.55400 —0.09275 16 18 10
of nitrogen; the stable promoter of
the pEC50 decrease is the ECO0-2s2 9... —1.32500 —1.12800 —1.26875 16 18 10
branching. The stable promoters are O.oeiinnns —1.73975 —2.04775 —1.59875 16 18 10

indicated by bold
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Table 8 The design of perspective anti-malaria agents by means of the using of models which are calculated with Eq. 4, Eq. 5, and Eq. 6:

compounds #51 and #52 as the basis of the design were used

| Experiment | Hypotheses
H;C—O Cl H;C—O Cl H;C—O
N<—o ——» HN
HN —0 HN —0
H,C CH
’ ? HaC —CH,
H,C HaC
51 51-1 HaC 51-3
51-2
pEC50(expr)=7.830 pEC50(calc) pEC50(calc) pEC50(calc) | Eq.
pEC50(calc)= 8.354 11.415 9.116 11.053 | 4
pEC50(calc)=7.862 8.866 8.548 9453 |5
pEC50(calc)=7.813 8.413 9.083 8.735| 6
CHg
/
o Cl
—O
CHy
2-2
CHy 55 |52-1 > CHs
52-3
pEC50(expr)=7.975 pEC50(calc) pEC50(calc) pEC50(calc) | Eq.
pEC50(calc)= 7.545 8.306 10.606 9.704 | 4
pEC50(calc)=7.755 8.440 8.759 8410 |5
pEC50(calc)=7.708 8.977 8.308 8.032 |6

Perspective modifications of structure are indicated by arrows
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