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Abstract

New molecular descriptors were derived from already-known descriptors obtained
from the Detour Matrix (also known as Maximal Topological Distance Matrix or Maximum
Path Matrix) and applied to the prediction of aqueous solubility of 46 structurally
heterogeneous compounds, constructing one-variable models through linear regression.
The correlation coefficients between these descriptors and the experimental values of
solubility were compared to those obtained with more than 1,600 widely-used descriptors
included in commercial software Dragon, confirming the very good performance of the
proposed descriptors. The best-performance descriptors were then applied, in combination
with Dragon’s descriptors, to generate two five-variable models for the estimation of
solubility. The F-Statistical and the p-value for this models confirmed high statistical
significance. We also present the distribution of molecular weights, solubility values, number
of H donors, number of H acceptors and number of heteroatoms for the 46 compounds
employed, which show molecular diversity. The results indicate that the proposed descriptors
can be applied in QSAR and QSPR studies.

Resumen

Nuevos descriptores moleculares fueron derivados de descriptores ya conocidos
obtenidos a partir de la Matriz Detour (también conocida como Matriz de Distancias
Topologicas Mdximas o Matriz de Mdximos Recorridos) y aplicados a la prediccion de la
solubilidad acuosa de 46 compuestos estructuralmente heterogéneos, construyendo modelos
de una variable mediante regresion lineal. Los coeficientes de correlacion entre estos
descriptores y los valores de solubilidad experimental fueron comparados con aquellos
obtenidos con mds de 1600 descriptores de uso extendido incluidos en el software comercial
Dragon, confirmando el muy buen desemperio de los descriptores propuestos. Estos
descriptores fueron aplicados, en combinacion con descriptores del software comercial,
para generar modelos de cinco variables para estimar la solubilidad acuosa. El estadistico
F y el valor p de estos modelos confirmaron alta significancia estadistica. Se presenta
asimismo la distribucion de pesos moleculares, valores de solubilidad, niimero de donores
de H, niimero de aceptores de H y niimero de heterodtomos para los 46 compuestos empleados,
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lo cual demuestra la diversidad molecular de los mismos. Los resultados indican que los
descriptores propuestos pueden ser aplicados en estudios QSAR y QSPR.

Introduction

Although rational drug design has focused, in the past, on drug activity and potency, modern
approaches can not obviate the importance of ADME (Absorption, Distribution, Metabolism,
and Excretion) /Tox(toxicity) properties in a drug development cycle. This comes out from the
fact that numerous active compounds that have shown to be successful at early phases of
development usually fail in later stages because of unacceptable physical properties that jeopardize
the drug bioavailability and its toxic profile. Modern approaches involve moving ADME/Tox
evaluations into early discovery stages, such as lead identification and optimization, to be conducted
in parallel with activity and selectivity assays [1].

Some years ago, Lipinski et al. derived, from the analysis of large databases of oral-
bioavailable drugs, the famous Lipinski’s “rule of five”. It states that a compound in order to be
potentially available through oral administration, has to accomplish at least three of the four
following rules: molecular weight below 500, no more than five hydrogen bond donors, calculated
octanol-water partition coefficient (clog P) below 5 and less than 10 hydrogen bond acceptors.
If two or more parameters are out of range then a poor absorption or permeability is probable.
[2] As we can easily observe, Lipinski’s rule proposed that oral bioavailability supposes a balance
between aqueous solubility of the drug and the ability of the compound to diffuse passively
through biological barriers. Aqueous solubility governs both the rate of dissolution of the compound
and the maximum concentration reached in gastrointestinal fluid. Although these two factors
contribute to oral bioavailability (the flux of drug across the intestinal membrane is proportional to
its concentration gradient between the intestinal lumen and blood), excessively polar compounds
have problems at the stage of crossing through the gastrointestinal membrane and other biological
barriers. Lipinski’s rule does not apply to those compounds which are transported by active
mechanisms.

From the previous exposure, it is clear that aqueous solubility is a critical factor to be taken
into consideration in a drug development program. This property not only affects drug bioavailability.
High aqueous solubility is associated to shorter metabolization and elimination times and, therefore,
lower toxicity and side effects are expected in water soluble compounds. [3,4] This explains the
high number of theoretic models that have been proposed in the past to predict aqueous solubility.
[2,5-9]. From the early studies of Yalkowsky et al. [5] in the "70s, several approaches which
include thermodynamic calculations, group contribution approximations and multivariate linear
models were introduced.

This work constitutes a contribution to this field. We tried to derive, from previously defined
descriptors, new ones that somehow synthesized in a single number the various parameters of the
Lipinski’s rule of five. For this purpose we considered combinations of topological molecular
indexes derived from the Detour Matrix and molecular features such as number of H donors,
numbers of H acceptors and number of heteroatoms present in the molecule. Information on the
Detour Matrix, definition of the new descriptors and their physicochemical sense, and validation
of'these descriptors is explained in the Experimental Section.
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Experimental

Topological indices are descriptors derived from molecular representations called graphs.
A graph is a hydrogen-depleted scheme in which atoms are represented as vertices and chemical
bonds (no matter their nature: single, double or triple) are represented as simple edges. Many
matrixes can be derived from the molecular graph, such as the Adjacency matrix A (in which each
clementa, is equal to 1 if /and j are adjacent vertices and equal to 0 otherwise) and the Distance
matrix D (in which every entry d, represents the number of edges along the shortest path between
iandj). [10]

The entries of the so-called Detour matrix DD, in the other hand, represent the maximum
topological distances between two given vertices. It was first introduced by Harary in 1969, in
the context of Graph Theory. [11] However, it was not introduced into chemical literature until
1994. [12] The use of the Detour Matrix was deflated, though, because until a few years ago
there was no efficient method (but visual inspection) available to construct the matrix. Logically,
when there is no cycle present in the considered molecular structure, the Distance and the Detour
matrixes are identical. This is not the case when there is one or more rings in the molecule;
therefore, the Detour Matrix has been proposed as a tool to characterize cyclic structures. [13]
For illustrative purposes, Fig. 1 presents the graph associated to the chemical structure of toluene
and the correspondent Distance and Detour Matrixes. Fig. 2 shows that both the Wiener index
and the Detour index can also be descriptive of the degree of molecular ramification.

In the same way that the Wiener index is obtained from the half sum of the elements of
the Distance Matrix, the Detour index dd is obtained from the half sum of the elements of the
Detour Matrix, or, what is the same, from the sum of the matrix entries above the main diagonal.
[12, 14]

Molecular structures of the 46 compounds used in this study can be observed in Fig. 3.
Histograms showing the distribution of molecular weights, logarithm of the solubility (expressed
in mg/ml) and other molecular features used in this study are presented in Fig. 4. Table 1 offers
the solubility values of each of the compounds utilized in this study. The 46 structures of compounds,
whose solubility at 25 °C had been experimentally measured, were extracted from the Merck
Index 13™ edition [ 15]; solubility values were checked in ChemIDplus [16], an online chemical
database developed by the US National Library of Medicine (US NLM) containing 379,000
chemical records. Values for number of H donors and H acceptors were extracted from Pubchem
database, also developed by US NLM [17]. Pubchem count of H donors and acceptors is
based on a substructure- and partial-charge (Gasteiger sigma charges) classification of the acidity/
basicity of the hydrogens in the structure. The method was derived from a standard force field
atom type classification scheme. We preferred Pubchem calculation criteria, which take into
account the chemical environment of each atom to define it or not as H donor or acceptor, over
the one from Lipinski, who defined the number of donors as the mere sum of -OHs and —NHs in
the chemical structure and the number of acceptors as the sum of Ns and Os. Lipinski himself
accepted that this very simple calculation is a rough measure, especially of the H bond accepting
ability, because of'its” variation across atom types. [2] From visual analysis of both figures 3
and 4 it can be stated that the 46 compounds selected for this study are structurally heterogeneous
and that the studied property tends to a normal distribution along the ranges of values
considered.
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Fig. 1. Graph derived from toluene structure and Distance and Detour Matrix (D and
DD, in that order) correspondent to toluene. Numeration of the graph is arbitrary, but
topological indexes, as invariants, remain the same no matter the proposed numeration.

Plentiful literature was found which demonstrates linear, polynomial and exponential
correlations between dd and the boiling point of alkanes, cycloalkanes and aromatic compounds.
Good correlations between combinations of the Detour index and the Wiener index and boiling
points were also found in literature. [ 14,18-21] Having in mind that the boiling point of compounds
from homologous series usually correlates well with molecular weight (MW), we decided to
investigate the relationship between the dd and the MWs of the 46 compounds used for the
present study. Inspection of the correlation between dd and MW (Fig. 5) pushed us to explore
possible relationships between the square and cubic roots of dd and the MW. For these and all
posterior statistical analysis we employed the statistical package Statistica 7.0 [22]. Results of
this analysis can be viewed in Fig. 5. It is noticeable that cubic root of dd, in the first place, and
square root of dd, in second place, are quite better lineally correlated with the molecular weight
of the 46 structures. The correlation coefficient obtained through the best polynomial fit between
MW and dd was, although acceptable (r = 0.9380), is below those obtained through linear
correlation with both square and cubic roots of dd.

It is clear that the Detour Index may be an appropriate descriptor to explain the differences
in the aqueous solubility values that could be explained through the molecular weight of compounds
(related to the first parameter in the Lipinski’s rule). However, there are a lot of examples of
compounds that, although sharing the same graph and therefore the same topological indexes,
have very different solubilities because of the other three parameters included in Lipinski’s rule
(number of H donor and acceptors and log P). We may take as an example the compounds
presented in Fig. 6.
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Fig. 2.Detour matrices constructed from the molecular structures of n-pentane, neo and

isopentane and detour index values associated to them. As can be appreciated, dd can be

useful in the description of degree of ramification, which is related to several molecular
properties (such as boiling point).

Very different solubility values may be expected for these three molecules (even though
they have the same MW and identical Detour Matrix) based on the possibilities of each one to
form H bonds. With the hope of including in one unique descriptor the other parameters considered
by Lipinski, we defined the following descriptors:

D/D =dd/(D + 0.1) whereddis, as already defined, the Detour Index; D is the total number

D/A = dd/A of H donors in the considered molecule; A is the total number of hydrogen
D/B=dd/(A+D) @cceptors and £ is the total number of heteroatoms. The 0.1 term in the
D/h = dd/h D/D definition is introduced only to prevent dividing by 0, considering

that several of the 46 molecules used do not have any H donor functional
group. We also considered, having in mind the good correlation between MW and dd square and
cubic roots, the square and cubic roots of the four descriptors above.

The physicochemical sense of these descriptors is immediately noticed. MW is directly
correlated with dd and the solubility tends to decrease, in homologous series, when MW increases.
The more H donor and acceptors present in the molecule the more water soluble the compound
will be. If none H donor or acceptor is present in the molecule, the water solubility would be
jeopardized or non existent (as is the case of alkanes). Therefore, the defined descriptors will
take high values in compounds with slight aqueous solubility, while they will tend to extremely
large values in non soluble compounds.

We calculated the above defined descriptors for the 46 structures considered. We compared
the correlation coefficient of these descriptors with those obtained with 1,612 widely-used
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descriptors that can be calculated with the help of the commercial software Dragon. [23] Dragon
is currently extensively used in QSAR and QSPR studies, [24-26] for what we believe the
proposed comparison is adequate as one of the steps in the validation of the defined descriptors.
We thought that if the defined descriptors outperformed the results of previously defined and
widely used descriptors the suitability of these descriptors to develop new QSAR and QSPR
models would be demonstrated (specially for the case of solubility-related models). We also
compared the “Quality factor” Q, introduced some years ago by Pogliani for comparison of
linear combination of connectivity indexes. [27, 28] Q is defined as the ratio between the correlation
coefficient (r) and the standard error on the estimate (SEE). Results of these comparisons can be
observed in Table 2.

Only 89 (5.5 %) of the 1612 descriptors calculated through Dragon have a correlation
coefficient with the log (solubility) values above 0.80. In contrast, twelve of the descriptors we
have defined in the present work and show good correlation coefficients above 0.84. Four of
the defined descriptors correlate better than 100 % of the Dragon descriptors. All of them can be
used to derive one-variable models whose SEE is below one logarithmic unit, which means a
high percentage of the 46 molecules would be predicted within the actual order of magnitude.
This is quite outstanding if we consider that the molecules used are structurally heterogeneous.
The descriptor that showed best performance can explain, alone 79 % of the variance for the
experimental data. Our descriptors’ correlation with solubility is quite better than that of mlog P,
a descriptor usually included in solubility models. This is reflected by the noticeable difference in
rand q values. Among Dragon’s descriptors that correlated the most constitutional descriptors
[29] and 3D-MoRSE signals [30].

Finally, we derived two five-descriptor models combining two of our best-performance
descriptors (square root (D/h) and square root (D/B)) with Dragon descriptors. We checked the
correlation between the descriptors included in the model in order to obey the non-redundant
descriptors’ principle. [31, 32] The two models generated were:

log (solubility mg/ml) =2.7469 — 0.1619 square root (D/B) +
0.3960 C-006 —21.5910 X5Av - 0.0719 mlogP? + 0.1476 H-051

N =46 r=.9442 = 8916 Outliers: 2 (4.4 %)
F(5,40)=65.78 p<.00000 SEE: 0.61

where C-006 corresponds to the number of CH,RX fragments present in the molecule (X being
any heteroatom atom); X5Av corresponds to the average valence connectivity index of the fifth
order; mlog P? corresponds to the square of Moriguchi octanol — water partition coefficient and
H-051 corresponds to number of H attached to alpha C.

log (solubility mg/ml) =4.36396 —0.13032 square root (D/h) + 0.66006 nOH —
1.35650 R1e - 0.08139 mlogP?* + 0.71426 nCconjR

N =46 r=.9567 r’=.9152 Outliers: 2 (4.4 %)
F(5,40)=86.35 p<0.0000 SEE: .54
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where nOH corresponds to the number of —OH present in the molecule; R1e corresponds to R
autocorrelation of lag 1 weighted by Sanderson electronegativities; mlog P? corresponds to the
square of Moriguchi octanol-water partition coefficient and nCconjR corresponds to the number
of'exo-conjugated C.

From the p and F statistical values we can assure both models have high statistical significance,
being able to explain about 90 % of the variance in the experimental data. The standard error on
the estimate is quite below the logarithmic unit, with 80 % of the residuals below 0.5 logarithmic
units in the first model and 90 % in the second. The number of outliers (cases with residuals
outside +/- 2 SEE) is very low in both models.

Although we decided to generate five variables models, the ratio (number of variables in
the model/number of cases) is quite small (almost 1/10). Provided that ratios below Y4 are
considered acceptable, we could have included at least three extra variables in our models without
jeopardizing the statistical significance (and the more variables included in the model, the smaller
SEE and the higher r? obtained). We decided for the principle of parsimony.
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Table 1. Solubility values for the 46 structures used in the present work.

Compound Solubility (mg/ml) Compound Solubility (mg/ml)
4-amino-2-sulfobenzoic acid 3 Ancymidol 0.65
Acequinocyl 0.000067 Aniline 36
Acetamida 2250 ANTU 0.6
Acetamiprid 4.2 Arabinose 500
Acetanilide 6.39 Ascorbic acid 333
Acetazolamide 0.98 Aspartic acid 5.39
Acetochlor 0.223 Aspirin 4.6
Acetylacetone 166.5 Asulam 5
Aconitic acid 500 Azidamfenicol 20
Acrylamide 640 Azintamide 5
Acrylonitrile 74.5 Azoxystrobin 0.01
Adenine 1.03 Badische acid 0.6
Adipic acid 26 Barban 0.011
Alanine 164 Barbital 7.46
Aldicarb 6.03 Bendiocarb 0.26
Allidochlor 19.7 Benzidine 0.32
Allobarbital 1.81 Bifentrhin 0.0001
Alochlor 0.24 Biotin 0.22
Alpha-acetylbutyrolactone 200 Capric acid 0.0618
Amicarbalide 5.01 Caproic acid 10.3
Aminopromazine 0.000576 Carnosine 82.1
Amitraz 0.001 Cleve’sacid 1
Amobarbital 0.603 PABA 5.88
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Fig. 4. Histograms showing the distribution of molecular weights, solubility values,

number of H donors and acceptors and number of heteroatoms for the 46 molecules used
in the present study. The modeled property (aqueous solubility) is well — distributed over

more than four logarithmic units, and it tends to normal distribution. The experimental
data is therefore acceptable for a QSPR study.
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F(1,44)=505.96 p<0.0000

Number of outliers: None.

F(1,44)=505.96 p<0.0000

Number of outliers: None.

(c) Regression Summary

F(1,44)=769.01 p<0.0000

Number of outliers: 1

MW =76.87292 +5.34690 * square root (dd)

MW =76.87292 +5.34690 * square root (dd)

MW = 12.90754 +24.13979 * cubic root (dd)

Fig. 5. a) Results of applying linear regression between MW and dd values for the 46
studied molecules. b) Idem for MW and the square root of dd and MW. c) ldem for MW
and cubic root of dd. Regression data is showed next to the plot of predicted versus

observed MW values.
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Fig. 6. Three molecules with very different expected
solubility values but identical Detour index dd.

Table 2. Correlation coefficients of the introduced descriptors and the logarithm of the
experimental solubility values of the 46 compounds. We also present the correspondent
“Quality factors”. MaxD stands for the maximum element of the Detour Matrix. The ten
descriptors calculated with Dragon that correlate best with the log s of the 46 compounds
are showed, as long as their Q values. The same information is showed for mlog P. Dragon
nomenclature was retained for the descriptors calculated with the commercial software.

Defined descriptors

Descriptor Correlation coefficient r Quality factor r/SEE
Square root (D/h) -0.8889 1.1052
Cubic root (D/h) -0.8881 1.1001
Square root (D/B) -0.8811 1.0608
Cubic root (D/B) -0.8806 1.0584
Square root (D/A) -0.8811 0.9983
Cubic root (D/A) -0.8627 0.9715
MaxD -0.8515 0.9247
D/A -0.8457 0.9026
D/h -0.8454 0.9015
D/B -0.8433 0.8937
Cubic root (dd) -0.8275 0.8393
Square root (dd) -0.8271 0.8381
dd -0.7734 0.6967

Dragon’s 10 best correlated descriptors and Moriguchi log P

ATSl1p 0.8758 1.0332
Morllp 0.8756 1.0322
ATS2p 0.8714 1.0117
Morllv 0.8706 1.0078
Morl4p 0.8677 0.9942
ATS1v 0.8651 0.9822
nC 0.8619. 0.9680
ATS2v 0.8618 0.9673
HTp 0.8604 0.9616
Sp 0.8581 0.9518
mlog P 0.7782 0.7057
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Co

nclusions

Based on the results, we can conclude that:
A set of new descriptors with clear physicochemical meaning was introduced from simple
operations over previously defined and validated descriptors. The definition of these descriptors
was inspired in the popular Lipinski's “rule of five”.
The ability of new descriptors to predict aqueous solubility was compared to that of 1,612
extensively-used. The correlation coefficient between the descriptors and the aqueous solubility
values for 46 structurally heterogeneous compounds, and the quality factor r/SEE, were
selected as comparison criteria. The performance of four of the new descriptors was above
that of all the descriptors from the commercial software. The performance of the remaining
new descriptors was very good, similar to that of the descriptors of the Dragon software with
highest correlation coefficient.
Two five-variable models for aqueous solubility combining the two best-performance new
descriptors and some of the 1,612 Dragon descriptors were generated. These models
explained about 90 % of the variance of the experimental data and presented SEE far below
one logarithmic unit. This is even more significant if we do not forget the structurally
heterogeneous training set.

We consider the descriptors defined as promissing for their application in QSAR and

QSPR studies. Further work will focus on determining, with the analysis of oral-bioavailable
drug databases, the range of the defined descriptors in which optimal bioavailability is observed.
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