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RESUMEN

Se ha desarrollado un modelo topol6égico-matematico
para investigar nuevos derivados de benzaldehydo tio-
semicarbazonas y compuestos relacionados que inhi-
ban la feniloxidasa. Utilizando el analisis de regresion
multilineal se seleccioné una funcién con dos descrip-
tores, 'y, *x,' y r* = 0.940 capaz de predecir satisfacto-
riamente la concentracién inhibitoria cincuenta, Cls, para
cada compuesto. Basado en el modelo seleccionado, se
realizé6 un barrido molecular virtual y se propusieron nue-
vas estructuras potencialmente activas frente al enzima
feniloxidasa.

Palabras clave: Topologia Molecular. Inhibidores de la
feniloxidasa. Analisis de regresion multilineal.

SUMMARY

A topological-mathematical model has been arranged to
search for new derivatives of benzaldehyde thiosemi-
carbazone and related compounds acting as phenolox-
idase inhibitors. By using multilinear regression analysis
a function with two descriptors, 'y, %, and ¥ = 0,940 was
capable to predict adequately the ICs for each compound.

After carrying out a virtual screening based upon such a
model, new structures potentially active against the
enzyme are proposed.

Key words: Molecular topology. Phenoloxidase inhibitors.
Multilinear regression analysis.

RESUM

S’ha desenrotllat un model topologico-matematic per a
investigar nous derivats de benzaldehydo tiosemicarba-
zonas i compostos relacionats que inhibisquen la fenilo-
xidasa. Utilitzant I’analisi de regressié multilineal es va
seleccionar una funcié amb dos descriptors, 'y, %, y ¥ =
0.940 capac de predir satisfactoriament la concentracié
inhibitoria cinquanta, Cls, per a cada compost. Basat en
el model seleccionat, es va realitzar un agranat molecu-
lar virtual i es van proposar noves estructures potencial-
ment actives enfront de I’enzim feniloxidasa.

Mots clau: Topologia Molecular. Inhibidors de la fenilo-
xidasa. Analisi de regressio multilineal.
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1. INTRODUCTION

Phenoloxidase, PO, also known as tyrosinase, is a key
enzyme in different metabolic processes of microorgan-
isms and other animals and plants™?. In insects, PO is
related to three important biochemical functions, includ-
ing cuticule sclerotization, defensive encapsulation and
the mechanization of alien organisms®.

Itis likely that PO inhibition may lead to suppression of the
defense mechanisms of the insects or to an abnormal soft-
ening up of the insect body thereby making possible con-
trolling the pest.”. Moreover, PO has been recently report-
ed to be linked to Parkinson’s and other neurodegenerative
diseases®™”.

The prediction of biological properties of organic com-
pounds is one of the main objectives of the quantitative
structure-activity relationships (QSAR) and quantitative
structure-property relationships (QSPR) methods. The suc-
cess of these methods is closely depending of an appro-
priate characterization of the molecular structure as well
as an adequate selection of the molecular descriptors to
be correlated”.

Molecular topology has widely demonstrated its ability for
a straightforward and efficient characterization of molec-
ular structure by means of the so-called topological indices,
TIs®. When these indices are adequately selected, it is pos-
sible to obtain a precise mathematical characterization of
each chemical compound, what allows the development
of the QSAR and QSPR models® ™™™,

This way, Tls have demonstrated their usefulness in the
prediction of diverse physical, chemical and biological
properties for different types of compounds™ ', as well as in
the selection and design of new active compounds®®™ """,
In some cases, the predicted structures can be regarded
as new lead drugs.

In the present study, the PO inhibitory activities of 57 com-
pounds were considered to obtain predictive models using
molecular topology combined with multilinear regression
analysis. Furthermore, a molecular screening was per-
formed to select new compounds with theoretical higher
bioactivity.

2. MATERIALS AND METHODS

2.1. Analysed compounds

A group of benzaldehyde thiosemicarbazones, benzalde-
hyde, benzoic acid and their derivatives was selected as
phenoloxidase inhibitors. The ICs (mmol/L) experimental
data reported in ref.” have been input to perform the cor-
relation. Table 1 shows the chemical structure and the
activity for each compound.

2.2. Molecular descriptors

In Chemical Graph Theory, molecular structures are nor-
mally represented as hydrogen-depleted graphs, whose
vertices and edges act as atoms and covalent bonds,
respectively. Chemical structural formulas can be then
assimilated to undirected and finite multigraphs with labeled
vertices, commonly known as molecular graphs. Graph-
theoretical indices, also known as topological indices, are
descriptors characterizing molecular graphs which enable
to give account of their structural properties.

Desmol11 program® was used to calculate the set of graph-
theoretical indices included in this work. The indices belong
to the families of Randi¢-Kier-Hall sub-graph connectivity
indices "x* up to the fourth order, and their correspond-
ing valence indices®”

2.3. Multilinear regression analysis

The ICs was linearly correlated with the aforementioned
descriptors to obtain the connectivity function. The Furnival-
Wilson algorithm® was used to obtain subsets of descrip-
tors, and equations with the least Mallows Cp® were select-
ed. This algorithm estimates regression equations for «best»
subsets of predictor variables and performs extensive resid-
ual analysis. It identifies efficiently the subsets while com-
puting only a small fraction of all possible regressions.
Several criteria are able to define «best», for instance, the
sample r*, adjusted r* or Mallow’s C..

The predictive ability of the selected equation was measur-
ed through the percentage of mean relative error, defined as:

1 Xew — Xoa
MREGQ_—BQZ‘E; -
Exp

The stability of the mathematical model selected was eval-
uated through a cross-validation by leave-one-out®: To
do that, one compound of the set is extracted, and the
model is recalculated using as training set the remaining
N-1 compounds. The property is then predicted for the
removed element. This process is repeated for all the com-
pounds of the set, obtaining a prediction for every one. The
correlation coefficient Q° of the prediction is determined.
This procedure also makes easy the disclosing of outliers
data.

In order to unveil the possible existence of fortuitous cor-
relations, the randomization test is adopted in this paper®.
To make so, the values of the property of each compound
are randomly permuted and linearly correlated with the
aforementioned descriptors. This process is repeated sev-
eral times. The usual form to represent the results of a ran-
domization test is plotting the correlation versus the pre-
diction coefficients, r* and Q° respectively.

2.4. Molecular screening

Molecular topology is an efficient tool showing some advan-
tages over molecular mechanics or quantum chemistry.
The most remarkable advantage is perhaps the calcula-
tion speed. Hundreds of compounds can be analyzed with-
in a few minutes time frame.

For this reason, molecular topology is well suited to eval-
uate possible biological activities of compounds repre-
sented in large databases or virtual libraries.

If the predictive power of the QSAR model obtained is
satisfactory, it can be used to record and optimize the
activity.

In this paper, we have designed a library of thiosemicar-
bazone derivates using the scaffold illustrated in Figure 1,
by varying the position and number of substituents in the
aromatic ring. All the compounds selected have been
obtained from the Scifinder Scholar molecular database.
Since the theoretical number of structures selected was
too large, we just selected a cut-off for compounds with
molecular weight between 150-250 g/mol being also com-
mercially available.

3. RESULTS AND DISCUSSION

The first goal was to find the best QSAR model for describ-
ing the pICs of the group of compounds analyzed. There
is a narrow interval of plCs values, ranging from 0.97 to
6.59. It makes it advisable to use a small test group, con-
taining 20% of the sample, to validate the prediction pat-
tern in addition to the cross-validation and randomization
test of the selected function.
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TABLE |

Chemical structures, activity and prediction of pIC50 for each compound using Eq. 1 selected through multilinear
regression analysis.
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Compound R ICsexp(mM)* plCsexp® plCscalc® Residual’ Residual(cv)°
Training set
NO1 - 0.00083 6.08 5.74 0.34 0.37
NO3 3-OH 0.00052 6.28 5.42 0.86 0.92
NO5 2,4-OH 0.00105 5.98 5.70 0.28 0.30
NO6 3,4-OH 0.00029 6.54 5.96 0.58 0.63
NO7 2,5-OH 0.00224 5.65 5.63 0.02 0.02
NO8 2-OMe 0.02138 4.67 4.97 -0.30 -0.31
NO9 3-OMe 0.00191 5.72 5.70 0.02 0.02
N10 4-OMe 0.00060 6.22 6.23 -0.01 -0.01
N12 3-OH;4-OMe 0.00026 6.59 5.42 1.17 1.23
N13 4-OH;3-OMe 0.00331 5.48 5.63 -0.15 -0.16
N14 2,4-OMe 0.01549 4.81 5.44 -0.63 -0.66
N16 2,4,5-OMe 0.09999 4 4.67 -0.67 -0.76
N17 4-Propyl-i 0.00035 6.46 6.39 0.07 0.08
N18 4-Butyl 0.00028 6.55 6.86 -0.31 -0.36
N19 4-Butyl-t 0.00056 6.25 6.45 -0.20 -0.22
N21 4-N(CHs)- 0.00036 6.44 6.33 0.11 0.12
N22 - 0.00065 6.19 7.02 -0.83 -0.94
Qo1 - 5.89 2.23 1.97 0.26 0.28
Qo2 2-OH 417 2.38 1.85 0.53 0.56
Q03 3-OH 9.55 2.02 1.64 0.38 0.41
Q05 2,4-OH 4.90 2.31 1.88 0.43 0.45
Q06 3,4-OH 8.91 2.05 2.18 -0.13 -0.14
Qo8 2-OMe 107.15 0.97 1.15 -0.18 -0.19
Q09 3-OMe 42.66 1.37 1.92 -0.55 -0.58
Q11 2-OH;3-OMe 5.75 2.24 1.36 0.88 0.93
Q13 3-OH;4-OMe 25.12 1.6 1.64 -0.04 -0.04
Q14 4-OH;3-OMe 50.12 1.3 1.85 -0.55 -0.58
Q15 4-Propyl-i 0.85 3.07 2.62 0.45 0.47
Q16 4-Butyl 0.74 3.13 3.09 0.04 0.04
Q17 4-Butyl-t 0.72 3.14 2.68 0.46 0.49
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TABLE | (cont.)

S02 2-OH 33.88 1.47 1.61 -0.14 -0.15
S04 4-OH 16.22 1.79 2.42 -0.63 -0.66
S05 2,4-OH 30.20 1.52 1.61 -0.09 -0.10
S06 2,5-OH 32.36 1.49 1.70 -0.21 -0.22
S08 3-OH;4-NH2 25.70 1.59 2.38 -0.79 -0.83
S09 4-OH;3-NH2 3.80 2.42 2.20 0.22 0.22
S10 3-OMe 13.18 1.88 212 -0.24 -0.25
S11 4-OMe 5.50 2.26 2.49 -0.23 -0.24
S12 3-OH;4-OMe 47.86 1.32 1.81 -0.49 -0.51
S$13 4-OH;3-OMe 69.18 1.16 2.01 -0.85 -0.89
S14 4-Propyl 1.74 2.76 1.79 0.97 1.07
S16 4-Butyl 1.05 2.98 3.12 -0.14 -0.15
S17 4-Butyl-t 2.09 2.68 2.70 -0.02 -0.03
S18 4-Hexyl 1.17 2.93 2.62 0.31 0.45
Test set
NO2 2-OH 0.00219 5.66 5.67 -0.01
NO4 4-OH 0.00044 6.36 6.16 0.20
N11 2-OH;3-OMe 0.00209 5.68 5.19 0.49
N15 3,4-OMe 0.00269 5.57 5.22 0.35
N20 3,5-Butyl-i;2-OH 0.07244 414 5.40 -1.26
Q04 4-OH 3.09 2.51 2.39 0.12
Qo7 2,5-OH 1.05 2.98 1.81 1.17
Q10 4-OMe 1.91 2.72 2.46 0.26
Q12 2-OH;4-OMe 2.00 2.7 214 0.56
S01 - 1412 1.85 2.03 -0.18
S03 3-OH 16.22 1.79 1.84 -0.05
S07 3,4-OH 29.51 1.53 2.35 -0.82
S15 4-Propyl-i 1.91 2.72 2.65 0.07
*From ref.” " From the mathematical model, Eq. 1. ° From leave-one-out cross-validation analysis.

The best linear regression equation obtained, including its
statistical parameters, was:

plCs = -3.132(x0.328) + 5.716(x0.257) 'y - 16.581(0.971) ;'  Eq. 1
N=44 r=0.940 Q°=0.931 MRE=15.3% SEE=0.500 F=321.1 p<0.00001

The value of r¥ = 0.940 as well as the low SEE=0.500 (less
than 9% of the average value of the property) account for
the quality of the selected model.

The presence of the 'y’ and *,’ indices in the equation
reflects the influence of branching and position of the sub-
stituent in aromatic ring, respectively. Table 1 and Fig 1
show the predicted results obtained with each one of the
compounds in the training set. The mean error in predic-
tions was: MRE = 15.3%, which reveals the good quality
of the selected model .

Similar results were obtained in the cross-validation study
(column 7, Table 1) with a mean error of 16.3%. The graph-
ic representations of the residuals obtained by using the

selected equation versus the residuals of the cross-vali-
dation, Fig. 2a, and the correlation coefficient, r’, vs. pre-
diction coefficient, Q°, Fig. 2b, illustrate the quality of the
selected model. The discrepancies between the two resid-
uals are small for most of the studied compounds. The
results of the randomness tests, Fig. 2b, suggest a high
stability of the model (all regressions were rather poor
except for the selected equation).

Table 1 and Fig 1 show the results of the prediction obtained
for the test group. The mean error is 14.2%, which is sim-
ilar to the achieved for the training group.

The results obtained exclusively using graph-theoretical
descriptors are comparable in quality to the ones obtained
by Chao-Bin Xue et al “ in the same property and com-
pounds set by means of COMFA and CoMSIA approach.
This fact confirms the performance of graph-theoretical
indices as useful tools for the structural characterization
and prediction of biological properties of thiosemicarbazone
derivates.
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TABLE Il 1.50
Computational screening from Eq.1 applied to ° ©
thiosemicarbazones analogues obtained of Scifinder 1.00 1 o
Scholar base. o~ &®
£ 050
. . &
2 3 =
| = 0.00 - d&&"
H o 8
AN X N NH -0.50 - ©
| § i
R1|_ -1.00 éj T T
/ S -1.00  -050 000 0.50 1.00 1.50
Residuals
Registry R R2 R3 pICscalc”. a) Cross-validation study
Number
18099-70-2 4-OPropyl-i Me H 7.90 ! *
20718-93-8 4-OPropyl-i H H 8.28 0.8
22043-09-0 2-OCH.COOH H H 7.34
0.6
22043-11-4 4-OCH.COOH H H 8.27 e
342631-63-4 4-OMe H Me 8.02 04 o o
342631-65-6 4-OMe H Ethyl 7.09 o°
02 44
342631-67-8 3-OMe H Me 7.49 o
©
386254-97-3 | 4-COOH Ho| Me 8.04 0 4—o ' '
N
51146-65-7 2-OH;3-OMe H Me 6.98 0 0.2 0.4 0.6 0.8 !
51236-92-1 2-Me H | Me | 681 v
51236-93-2 2-OH H Me 7.46 b) Randomization test study
749210-48-8 3-OH H |Propyl-n| 8.35
Figura 2. Validation of the mathematical model obtained
866926-11-6 2-0H;3-OMe H Me 6.98 for the plCs. a) Residuals obtained with the best regres-
869948-13-0 3-OCH,CHCH H H 773 sion versus Residuals obtained by cross-validation. b)
: : ' Correlation coefficients, r, versus prediction coefficients,
*From the mathematical model, Eq. 1. Q’, obtained by randomization test.
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Figura 1. Relationship of plCsex, With plCsoca. from prediction function obtained using multilinear regression analysis, Eq. 1.
Open circles represent predictions for the training set; solid circles represent predictions for the test set.
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The second objective of this work was to take advantage
of the huge predictive capability of the obtained model,
Eq. 1, to predict and optimize the PO inhibitory activity of
thiosemicarbazone analogous.

After arranging a molecular library made up of hundreds

of compounds (modifying the number and position of the

substitutes in Ri, R: and Rs, from the base structure, Table 2),

we carried out a virtual screening based upon Eq. 1 with

the aim of selecting those molecules showing a better activ-
ity. Table 2 discloses some of the most significant results.

Some interesting comments can be stated from results in

Table 2:

- The PO inhibitory activity is enhanced by the addition of
groups such as 4-Opropyl-i with pICs(N° 20718-93-8)=8.28,
2-OCH:COOH with plCs(N° 22043-09-0)=7.34, 4-OCH.COOH
with plCs(N° 22043-11-4)=8.27 or 3-OCH.CHCH: with
pICs(N° 869948-13-0)=7.73 on position R of the aromatic
ring.

- Attaching groups such as methyl, ethyl or n-propyl on Rs,
increases significantly the PO inhibitory capability (com-
pare for example: plCs(N03)=6.28 and plCs(N° 749210-
48-8)=8.35; plCs(N10)=6.22 and plCs(N° 342631-63-4)=8.02
or plCs(N09)=5.72 and plCs(N° 342631-67-8)=7.49).

These suggestive results need to be corroborated by the

corresponding PO activity assays, which should allow

the validation or evaluation of the model proposed and
serve as a powerful tool for the search of novel compounds
with a higher activity on PO.

4. CONCLUSIONS

Molecular topology has been successfully used for find-
ing a QSAR model useful to predict the inhibitory activity
of phenoloxidase of a group of benzaldehyde thiosemi-
carbazone and their derivatives. All the molecular descrip-
tors used herein were graph-theoretical ones. The math-
ematical model employed in this work retains the main
structural features that involve the correlated property,
pICs, and, therefore, can be applicable to the search of
new active compounds by virtual screening throughout
different databases. We have built up a virtual library with
several hundreds of benzaldehyde thiosemicarbazone
analogous for seeking within and optimizing the PO activ-
ity. Significant improvements in the activity have been
obtained.
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