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New version of CORAL software is now available on the Internet (http://www.insilico.eu/CORAL/). Previous
versions of this software built up a quantitative structure-property/activity relationships (QSPR/QSAR)
based on representation of the molecular structure by the simplified molecular input line entry system
(SMILES). The present study has shown that the novel ‘hybrid’ representation of molecular structure by com-
bination of SMILES and the molecular graph can improve the predictive potential of CORAL models. The eval-
uation of this approach has been performed for a large (n=460) set of heterogeneous organic compounds.
The tested endpoint represent rate constants of hydroxyl radical reaction of polybrominated diphenyl ethers
and (benzo-)triazoles.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Quantitative structure-property / activity relationships (QSPR/
QSAR) represent an efficient approach to predict unknown parame-
ters of various compounds. Such approaches correlate physicochemi-
cal or biochemical parameters with so called molecular descriptors.
Such correlations could be used for estimation of analogous parame-
ters (endpoints) for substances which have not been examined in ex-
periment. QSAR methodology has been widely applied in scientific
research as well as industrial R&D laboratories [1–10].

CORAL software is designed to provide users an option to con-
struct one-variable QSPR/QSAR models built up by the Monte Carlo
method [10–17]. This is combined with the representation of the mo-
lecular structure by SMILES [18–21]. However there are various ways
to develop one-variable QSPR/QSARs. Such task can be also achieved
using molecular graph [22–25]. Recently, the predictability of the
graph-based and SMILES-based models has been compared [11].

A logical way to improve predictions is to combine the SMILES and
molecular graph approaches to take advantage of the unique features
of both methods. The aim of the present study is the evaluation of the
hybrid models where the molecular structure is represented by both
SMILES and graph. This is carried out for large set of experimental
data for the OH radical degradation rate constants of 460 heteroge-
neous organic compounds [26].
Toropov).

rights reserved.
2. Method

2.1. Data

Data of the OH radical degradation rate constants of 460 heteroge-
neous organic compounds were taken from literature [26]. The data
was collected for reactions at 25 °C and 1 atm; all the rate constants,
represented in cm3 s−1 per molecule, are transformed to logarithmic
units andmultiplied by−1 (i.e. high value of -log(OH)means the low
value of reactivity). SMILES notations have been taken from the liter-
ature [26], except SMILES for cis-1,3-Dichloropropene (CAS 10061-
01-5): instead of [Cl:5][CH2:4]\[CH:1]=[CH:2]/[Cl:3] we have used
C(\CCl)=C/Cl. Three random splits into the sub-training, calibration,
and test sets have been examined. The splits have been done accord-
ing to the following rules: the first, the number of compounds in the
sub-training and calibration sets is approximately equal to the num-
ber of compounds in the test set; and second, the ranges of the end-
point are approximately identical for all three sets.
2.2. Optimal descriptor

The CORAL software [27] can generate three kinds of optimal de-
scriptors: graph-based, SMILES-based, and hybrid descriptors which
are calculated with both graph and SMILES. In addition, using
CORAL program one can generate three kinds of molecular graphs:
the above-mentioned HSG, hydrogen filled graph (HFG), and graph
of atomic orbitals (GAO).

http://www.insilico.eu/CORAL/
http://dx.doi.org/10.1016/j.chemolab.2011.12.003
mailto:andrey.toropov@marionegri.it
http://dx.doi.org/10.1016/j.chemolab.2011.12.003
http://www.sciencedirect.com/science/journal/01697439


Fig. 1. Calculation of the Morgan's extended connectivity with the recurrence formula:. mþ1ECk ¼
∑
kjð Þ

m

ECj , (kj) is edge.

Fig. 2. Preferable values of the threshold (T*) and of the number of epochs of the Monte Carlo method optimization (N*) which give best model for the test set.
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Table 2
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The graph-based optimal descriptors are calculated as the following:

Graph DCWðThreshold;NepochÞ ¼ ∑CW Akð Þ þ α∑CW

 
0ECk

!

þ β∑CW 1ECk

� �
þ γ∑CW 2ECk

� �
þ δ∑CW 3ECk

��
ð1Þ

where Ak is chemical element, such as, C, N, O, etc., for HSG and HFG;
or atomic orbitals, such as, 1s1, 2p3, 3d10, etc. for GAO; 0ECk, 1ECk,…
3ECk is the hierarchy of the Morgan's extended connectivity (Fig. 1)
[25]; α, β, γ, and δ can be 1 or 0: the combination of their values gives
possibility to define various versions of the graph-based optimal de-
scriptor; CW(x) represents the correlation weight of a molecular
feature (encoded by Ak or xECk).

The SMILES-based optimal descriptors are calculated as the fol-
lowing:

SMILIS DCWðThreshold;NepochÞ ¼ α∑CWðSkÞ þ β∑CW SSkð Þ
þ γ∑CWðSSSkÞ þ x⋅CWðNOSPÞ
þ y⋅CW HALOð Þ þ z⋅CWðBONDÞ
þ λ⋅CW ATOMPAIRÞð ð2Þ

where Sk, SSk, and SSSk are one-, two-, and three-components SMILES
attributes, respectively; the component of SMILES is one symbol (e.g.
C, c, N, n, =, , etc.) or two symbols which cannot be separated (e.g. Cl,
Table 1
Correlation coefficients between experimental and calculated –log(OH) values for ex-
ternal test set. Best models are indicated by bold.

Split Version⁎ Threshold Run 1 Run 2 Run 3 Average

A 1 0 0.6805 0.6873 0.6876 0.6851
1 0.6942 0.6889 0.6896 0.6909
2 0.6791 0.6845 0.6838 0.6825
3 0.6628 0.6663 0.6663 0.6651

2 0 0.7226 0.7195 0.7222 0.7214
1 0.7169 0.7112 0.7194 0.7158
2 0.6996 0.6866 0.6934 0.6932
3 0.6845 0.6875 0.6887 0.6869

3 0 0.7874 0.7900 0.7862 0.7879
1 0.7880 0.7804 0.7922 0.7868
2 0.7769 0.7759 0.7857 0.7795
3 0.7698 0.7639 0.7608 0.7648

B 1 0 0.6654 0.6621 0.6704 0.6660
1 0.6713 0.6611 0.6645 0.6656
2 0.6561 0.6589 0.6523 0.6558
3 0.6186 0.6147 0.6218 0.6184

2 0 0.6938 0.6809 0.6756 0.6834
1 0.6781 0.6947 0.6862 0.6864
2 0.6611 0.6581 0.6587 0.6593
3 0.5538 0.5954 0.5727 0.5739

3 0 0.7822 0.7774 0.7756 0.7784
1 0.7855 0.7898 0.7813 0.7855
2 0.7414 0.7343 0.7434 0.7397
3 0.7046 0.7070 0.6940 0.7019

C 1 0 0.7161 0.7129 0.7225 0.7171
1 0.7151 0.7224 0.7179 0.7184
2 0.7120 0.7155 0.7132 0.7136
3 0.7108 0.7092 0.7061 0.7087

2 0 0.7562 0.7501 0.7482 0.7515
1 0.7507 0.7378 0.7419 0.7435
2 0.7541 0.7505 0.7521 0.7522
3 0.6918 0.6966 0.6968 0.6951

3 0 0.7860 0.7943 0.7860 0.7888
1 0.7855 0.7975 0.7942 0.7924
2 0.7922 0.7943 0.7968 0.7944
3 0.7906 0.7922 0.7940 0.7923

Version 1: SMILES-based model;
Version 2: HFG-based model;
Version 3: model is calculated with the representation of the molecular structure by
SMILES combined with HFG.
Br, @@, etc.); NOSP, HALO, BOND and ATOMPAIR represent indices
[11] calculated according to the presence or absence of chemical ele-
ments: nitrogen, oxygen, sulphur, and phosphorus (NOSP); fluorine,
chlorine, and bromine (HALO). The BOND is a mathematical function
of the presence or absence of double (=), triple (#), or stereo chem-
ical bonds (@ or @@). The ATOMPAIR is a mathematical function of
presence of seven chemical elements: F, Cl, Br, N, O, S, and P. The co-
efficients α, β, γ, x, y, and z can be 1 or 0: combinations of their values
provide an option to define various versions of the SMILES-based op-
timal descriptor. CW(x) is the correlation weight of a molecular fea-
ture (encoded by Sk, SSk, SSSk, NOSP, HALO, BOND, ATOMPAIR, and
xECk).

The hybrid optimal descriptors are calculated taking into account
both representations of the molecular structure by graph and by
SMILES:

Hybrid D CWðThreshold;NepochÞ ¼SMILISDCWðThreshold;NepochÞ

þGraphDCWðThreshold;NepochÞ

ð3Þ

Threshold and Nepoch (in Eqs. (1)–(3)) are parameters of the
Monte Carlo optimization. Threshold is the criterion for the classifica-
tion of components of the representation of the molecular structure
into two classes: rare and active (not rare). The correlation weight
of a rare component is fixed as zero, because this component brings
Statistical quality and criteria of predictability for three models (Split A, B, and C) cal-
culated with N* and T* (Fig. 2).

Split A -log(OH) = 10.7474(±0.0036) + 0.08580(±0.0002) * HybridDCW(0,13)
n=119, R2=0.8849, q2=0.8814, s=0.398, F=899 (sub-training set);
n=110, R2=0.8821, r2pred=0.8814, s=0.416 (calibration set);
n=231, R2=0.7782, r2pred=0.7743, s=0.415 (test set);
Estimation of the predictability:
n=231
R2=0.7782
r0
2=0.7780
r'02=0.7079
(r2− r0

2)/ r2=0.0002
(r2−r'02)/ r2=0.0903
k=1.0031
k'=0.9955
Rm

2
(test)=0.7695

Split B -log(OH)=10.9428(±0.0037)+0.0819(±0.0003) * HybridDCW(1,12)
n=119, R2=0.8622, q2=0.8561, s=0.434, F=732 (sub-training set);
n=106, R2=0.9145, r2pred=0.9112, s=0.354 (calibration set);
n=235, R2=0.7820, r2pred=0.7776, s=0.432 (test set);
Estimation of the predictability:
n=235
R2=0.7820
r0
2=0.7769
r'02=0.6631
(R2− r0

2) /R2=0.0065
(R2− r'02)/R2=0.1521
k=1.0074
k'=0.9912
Rm

2
(test)=0.7262

Split C -log(OH)=11.2276(±0.0035) + 0.0949(±0.0004) * HybridDCW(2,11)
n=129, R2=0.8458, q2=0.8393, s=0.445, F=697 (sub-training set);
n=100, R2=0.8947, r2pred=0.8888, s=0.351 (calibration set);
n=231, R2=0.7875, r2pred=0.7840, s=0.446 (test set);
Estimation of the predictability:
n=231
R2=0.7875
r0
2=0.7870
r'02=0.7428
(R2− r0

2) /R2=0.0006
(R2− r'02) /R2=0.0568
k=0.9960
k'=1.0025
Rm

2
(test)=0.7702

Criteria of predictability: (R2− r0
2)/R2 b0.1 or (R2− r'02)/R2b0.1; 0.85bkb1.15; and

0.85bk'b1.15 [6]; Rm2 (test)>0.5 [7].
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noise to the model, hence rare component is not involved in the
building up of the model. Nepoch is the number of epochs of the
Monte Carlo optimization.

Fig. 2 shows the theoretical influence of the threshold and of the
number of epochs of the Monte Carlo method optimization for the
correlation coefficient between the experimental and calculated
values of an endpoint.

Three versions of the calculation of optimal descriptors were ex-
amined: Version 1 with only SMILES; Version 2 with only HFG; and
Version 3 using both SMILES and graph. The parametrization for
SMILES-based descriptor was as follows: α=1, β=1, γ=0, x=1,
y=1, z=1, and λ=1. The parametrization for HFG-based descriptor
included: α=0, β=1, γ=0, and δ=0.

3. Results and discussion

Our study provides the opportunity to test performance of the
standard SMILES and graph approaches together with the methods
Fig. 3. Graphical representation of the performance of CORAL models for splits A,B, and
C (see Table 2).
that combined them both. This is done for a large set of data.
Table 1 shows the statistical characteristics of the models obtained
with the versions 1, 2 and 3. One can see that version 3 gives best pre-
diction (the statistical characteristics for the test set) for three ran-
dom splits.

Table 2 contains statistical characteristics for the sub-training, cal-
ibration, and test sets for descriptors calculated with version 3 for
three random splits. There are few differences that one can find for
examined splits in Table 2. However, it is evident that the models
for three random splits are quite good. They satisfy the criteria of Gol-
braikh and Tropsha [6] as well as the criterion of Roy and Roy [7].
Fig. 3 contains the representation of these models graphically.

The statistical characteristics of models for the endpoint -log(OH)
described in Ref [26] are the following: the range of r2 is 0.82–0.87;
the range of s is 0.43–0.49; and the range of Rm2

(test) is 0.75–0.80.
Thus, the models which are calculated with Eq. (3) (Table 2) can be
considered as a valid alternative for the above-mentioned models of
–log(OH) [26] since their statistical quality is very similar [26].
However the models based on CORAL-descriptor (calculated with
Eq. (3)) are based on two-dimensional descriptors, while the afore-
mentioned approach [26] requires three-dimensional optimization
and the quantum-mechanics data on chemical structure, i.e., they
are much more complex and time-consuming. Hence CORAL-models
may be more comfortable for the praxis.

Our approach gives the possibility to detect stable promoters of in-
crease or decrease of the -log(OH). Table 3 contains examples of the
molecular attributes which are stable promoters of increase or de-
crease for -log(OH). Thus, the models based on the CORAL-
descriptors can give a list of structural alerts related to an endpoint.
A compound can contain both promoters of increase and promoters
Table 3
Example of interpretation of the influence of attributes of the molecular structure
(taken from SMILES or HFG) which have considerable prevalence in sub-training, cal-
ibration, and test sets.

Structural
attributes

Description Promotera of
increase or
decrease in
-log(OH)

Distribution in
sub-training set/
calibration set/
test set

EC1-C…7…b Value of the Morgan's
extended connectivity of
first order (for carbon) that
is equal to 7

Increase 81/76/169

EC1-C…10.. Value of the Morgan's
extended connectivity of
first order (for carbon) that
is equal to 10

Increase 58/51/111

EC1-O…3… Value of the Morgan's
extended connectivity of
first order (for oxygen)
that is equal to 3

Increase 17/17/35

NOSP0000 The absence of nitrogen,
oxygen, sulphur, and
phosphorus.

Increase 57/58/111

EC1-C…6… Value of The Morgan's
extended connectivity of
first order (for carbon) that
is equal to 6

Decrease 37/33/72

EC1-C…8… Value of The Morgan's
extended connectivity of
first order (for carbon) that
is equal to 8

Decrease 35/45/82

HALO0000 The absence of fluorine,
chlorine, and bromine.

Decrease 94/87/205

=xxx1xxxxxxx Presence of double bond
and cycles

Increase 22/16/47

a The increase means that three correlation weighs which are obtained in three runs
of the Monte Carlo optimization are larger than zero; The decrease means that three
correlation weighs which are obtained in three runs of the Monte Carlo optimization
are smaller than zero.

b Fig. 1 contains clarification of this code.

image of Fig.�3


Table 4
Examples of compounds which contain carbon atoms characterized by Morgan degrees of 6, 7, 8, and 10. The values 7 and 10 are promoters of increase in -log(OH); values 6 and
8 are promoters of decrease in -log(OH).

Presence of EC1-C…7… and EC1-C…10.. Presence of EC1-C…6… and EC-C…8…

Presence of halogens

CAS 811-97-2; FCC(F)(F)F; -log(OH)=14.05 CAS 107-05-1; ClCC=C; -log(OH)=10.77

CAS75-68-3; CC(F)(F)Cl; -log(OH)=14.33 CAS 10061-02-6; ClC\C=C\Cl; -log(OH)=10.85

CAS 75-88-7; FC(F)(F)CCl ; -log(OH)=13.98 CAS 75-01-4; ClC=C; -log(OH)=11.18

Absence of halogens
CAS 74-84-0; CC; -log(OH)=12.59

CAS 75-50-3; CN(C)C; -log(OH)=10.22

CAS 79-24-3; CCN(O)O -log(OH)=12.82 CAS 115-07-1; CC=C; -log(OH)=10.56

CAS 554-12-1; CCC(=O)OC; -log(OH)=12.57 CAS 513-35-9; C\C=C(\C)C; -log(OH)=10.06
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of decrease of an endpoint. Consequently, there is a combination of
different factors which play a role in a given chemical. Table 4 con-
tains examples of compounds which contain some structural attri-
butes from Table 3. One can see from the Table 4, that the presence
of halogens together with the EC1-C…7… and EC1-C…10… is an indi-
cator of large values for -log(OH), i.e. this combination is an indicator
of low hydroxyl radical reactivity, and it is in agreement with the
Table 5
The checking of the models with randomization. The R

2
r is average for 10 probes of the

Y-scrambling with 100 random permutations. The criterion cR2
p ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2−R2

r

q
should be

larger than 0.5 [29].

Probe Split A SplitB Split C

Rr
2 Rr

2 Rr
2

1 0.1326 0.0326 0.1160
2 0.0839 0.0937 0.0932
3 0.1492 0.1177 0.0330
4 0.0753 0.1175 0.0649
5 0.0471 0.0653 0.1862
6 0.0889 0.1441 0.0963
7 0.2659 0.1220 0.0876
8 0.0522 0.0380 0.1016
9 0.1305 0.1336 0.0303
10 0.1233 0.1039 0.0807
R
2
r 0.1149 0.0968 0.0890

cRp
2 0.7184 0.7320 0.7417
literature [28]. Table 5 shows that Y-randomization [29] also confirms
the robustness of suggested models. The details of described compu-
tational experiments are available on the Internet (http://www.
insilico.eu/coral, folder “RateConstants”).

4. Conclusions

This study evaluates novel applications of the CORAL software. The
hybrid models taking into account the representation of molecular
structure by both SMILES and graph (hydrogen filled) were tested on
the predictions of rate constants of hydroxyl radical reactions of poly-
brominated diphenyl ethers and (benzo-)triazoles. We concluded that
the hybridmodels aremore accurate thanmodels calculated using sole-
ly SMILES or hydrogen-filled graph approaches. Finally, the statistical
quality of 2D CORALmodels is approximately the same as the statistical
quality of models [26] based on the 3D optimization and quantumme-
chanics data.
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