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The underlying structural and physicochemical interpretation of the recently defined information indices
(denominated as GT-STAF indices) is examined, with the aim of gaining greater insight on the codified chemical
information. It is found that these indices are related with molecular symmetry in the context of the defined molecular
“fragment” model. Moreover, these indices are sensitive to structural differences, demonstrating gradual changes
consistent with modifications in the molecular structure. A principal component analysis reveals that the GT-STAF indices
generally codify conformational, physicochemical, and thermodynamic properties of amino acids. A study with aniline
derivatives demonstrates that the GT-STAF indices do not directly correlate with the ionization constant (pK,); but rather
require multivariate contributions to yield correlations comparable with univariate models for quantum chemical
parameters, suggesting that the former codify some other form of electronic information orthogonal to the latter. Finally,
an evaluation of atomic contributions to the molecular hydrophobicity in furylethylenes demonstrates that the GT-STAF
approach generally approximates to chemical properties quite well.

The emergence of theoretical molecular descriptors pio-
neered by the seminal work of Harold Wiener,! presents a
ground breaking mathematical approach in characterizing
molecular structures. This seemingly oversimplified approach
has surprisingly proved to codify important structural informa-
tion and ensuing parameters have been successfully used in
various structure—activity relationship studies. However, an
interjection to the keen interest in these theoretical parameters
has been the interrogative: “what do these numerical values
mean, or what attribute (or chemical phenomenon) do they
represent?” Although it is commendable that a molecular
descriptor (MD) be interpretable,” it is not imperative that these
parameters have meaning, or be explainable in terms of well-
known parameters (or dimensions), as some of these are in fact
MDs as well, rationalized only in the considered models.

In addition, the success of theoretical MDs in correlating
with a wide range of properties suggests that these contain
numerous finer features buried in single parameters. It is
therefore intuitive that one approach may not suffice to give an
adequate approximation to the real chemical image captured
by the molecular parameters and may thus require combined
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contributions from different chemical models. In fact, several
manuscripts by different authors may be cited in the literature
devoted to the interpretation of the same family of indices, for
example, the molecular connectivity indices.>"' However,
these are just a handful relative to the volumes of manuscripts
in which theoretical molecular parameters are proposed.'! This
reflects the complexity rather than a rebuttal to the challenge
to offer interpretations to MDs using mainstream chemical
frameworks.

In previous reports,'>"'® the theoretical aspects of the GT-
STAF (acronym for graph theoretical Thermodynamic state
functions) information indices, based on the insight of a
chemical structure as a communication system were presented.
Accordingly, Shannon’s entropy, mutual information, condi-
tional and joint entropy-based information indexes (IFIs) were
defined for binary, triple, and quadruple dimensional systems.
Also diverse criteria for generating molecular “fragment”
models, as information sources, were considered with the
aim of obtaining different perspectives of the chemical struc-
ture and thus achieve greater approximation to chemical
reality.'* These models are classified in three main groups,
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that is, graph-theoretic models (among which are: connected
subgraphs (CS), walks of length k& (K), terminal paths (TP),
vertex paths incidence (VP), quantum (Q) and Sachs (S)
subgraphs), fingerprint-based models (which include: MACCs
(MA), substructure (SS) and E-state (ES) keysets), and
magnitude-based models [atomic hydrophobicity (ALOP) and
(AMR) refractivity magnitudes]. A series of studies with the
GT-STAF IFIs yielded satisfactory results, generally superior
to those reported in the literature with other methods.!>1¢
Nonetheless, greater comprehension of the intrinsic informa-
tion codified with these indices would enhance their practical
utility in chemoinformatic tasks.

Consequently, the present manuscript is dedicated to the
investigation of structural and physicochemical interpretation
of the GT-STAF IFIs in their different extensions, using
insights from diverse approaches. First, a brief recapitulation
of the theoretical aspects of the proposed IFIs will be given.

Theoretical Scaffold

The GT-STAF Information Indices. Shannon’s Entropy
as Information Index: Consider as an information source a
set of molecular “fragments” S that describes a molecular
structure. It follows that the constituent atoms (vertices) of the
molecular “fragments” possess different participation frequen-
cies in the set S. Therefore, from these participation frequen-
cies, a probability distribution function (p.d.f) is constructed.
Applying Shannon’s fundamental equation

H=-Y plog,pi (1)
i=1

where p; is the probability associated with vertex v; and # is the
number of vertices that constitute molecular graph G, yields
Shannon’s entropy-based information index (IFI) for the ana-
lyzed molecular structure.

Other molecular structure entropy parameters like negentro-
py and standardized Shannon’s entropy'">!” could be applied to
the p.d.f obtained for a given chemical source, yielding the
corresponding IFIs.

Channel Coding Theorem in Information Index Deriva-
tions: In addition to eq 1, other entropic measures like mutual
information index (MI, eq 2), joint entropy index (JE, eq 3)
and conditional entropy index (CE, eq 4) could also be com-
puted obtaining corresponding molecular IFIs:

p(x,y)
HX;Y:MIX;Y:E 2 ylog 422 (2
(X;7) (X;7) 2 p(x,y) ng(x)p(y) 2

H(X,Y)=JEX,Y) ==Y > pxylogp(x.y) (3)
H(Y|X) = CE(Y|X) = H(X, Yﬁ — H(X) 4)

where the elements p(x,y) form the matrix P:

P(X,Y) = {p(x, »):py) = fa)/frix #y A fr

=Y > foy X= y} (4a)

x=1 y=I

Note that when p(x,y) =px)p(y), HX;Y) =0 and when
p(x,y) = p(x), HX;Y) = H(X).
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Figure 1. The chemical structure of a molecule of iso-
pentane (the numbers correspond to the labels that are
assigned to the non-hydrogen atoms (vertices)).

Let us take as a simple example a molecular graph of
isopentane (Figure 1), where the numbers correspond to the
labels that are assigned to the carbon atoms (vertices) in the
molecular structure.

In this illustration the connected subgraphs model, based on
graph-theoretical concept of subgraph orders is used as a data
source.

Accordingly, for the molecular graph (G) in Figure 1, the
connected subgraphs obtained for different orders based on the
atomic relations are:

Order 0: Cl, Cz, C3, C4, C5

Order 1: Cl—Cz, Cz—C3, C3—C4, CZ—CS

Order 2: Cl—Cz—C3, Cl—Cz—Cs, Cz—C3—C4, C3—C2—C5
Order 3: Cl—Cz—C3—C4, C5—C2—C3—C4, Cl—Cz—(C5)—C3
Order 4: Cl—Cz—(C5)—C3—C4

We may be interested in assigning code words to source
symbols (vertices) using a coding-tree scheme based on the
incidence of vertices in the molecular “fragments” (subgraphs),
forming an m-length binary code words, where m is the number
of molecular “fragments” (m = 17 in this case). In this scheme,
code words are assigned to vertices using successive choices
between 0 and 1 at each branch in the coding-tree structure.
Given a set of subgraphs, S = {s,| I < g <s,}, the code word
for v; is sequentially assigned:

L, if v; is included in s4, where 1 < g <3,
0, otherwise

For the chemical source (set of 17 subgraphs) generated for
orders 0—4 above (shown in Figure 2A in a random manner
to mimic normal text), the corresponding fixed length (17 bit)
code words for the vertices v; would therefore be:

C; 11000110000010101
C, 10110110111011101
C; 10100011011101101
C4 10100001001000110
Cs 10011010011010000

Definitely the interest here is not code optimality but rather
dissimilarity of the different vertex code words, if applicable,
and indistinctive code words (not uniquely decodable) are not
“penalized” but rather considered informational about the struc-
tural similarity of the compared vertices.

Suppose the code word for vertex Cs is transmitted along an
ideal noiseless channel,'$2 it is certain that at the receiver’s
end the same code word will be received. However, for a noisy
channel, 82 several possibilities exist: code word sequence for
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Figure 2. A) Illustration of chemical source entropy computation for the molecular structure of isopentane. The chemical source is
comprised of connected subgraphs (for more information see Refs. 1-3). B) Schematic representation of the relations between
inputs and outputs in a noisy channel. Note that the MI, JE, and CE analysis is carried out for each of the input codes with respect to

the output codes.

vertex C; is received instead of the one corresponding to Cs,
C, instead of Cs, C4 instead of Cs, or Cs instead of Cj3 (see
illustration in Figure 2B). This means that the received
message is not necessarily the same as that sent out by the
transmitter. The mutual information (MI) for vertex code words
for vy and v, H(vy; v,) gives a measure of the true information
content at the receiver’s end.

For all vertex code word pairs (‘vy,“v,), the respective
mutual frequencies are computed as a tally of 1 bit length
correspondences between the code words. These mutual fre-

7 6 4 2 3 0.167 0.143
6 12 8 4 6 0.143 0.286
F=|4 8 10 5 4 P=10.095 0.190
2 4 5 6 2 0.048 0.095
36 4 27 0.071 0.143

MI(X,Y) =3.001 bits

The CE(Y/X) for G is obtained by substituting the values for
H(X)=JEX,X) and JE(X,Y) in eq 4 and by the chain rule,
CE(Y/X) = 4.294 Dits.

This approach is extended to consider information coding
for communication systems with three and four source dimen-
sions, respectively, and corresponding applications to molecu-
lar structure codification are derived, see Ref. 13.

Moreover, in the codification of molecular structure infor-
mation, it is desirable that the indices used permit discrim-
ination of isomeric structures. Consequently, in Ref. 12,

Bull. Chem. Soc. Jpn. 2015, 88, 97-109 | doi:10.1246/bcsj.20140037

0.095
0.190
0.238
0.119
0.095
JE(X,Y) = 6.566 bits.

quencies f{x,y) are subsequently used to compute the joint
probabilities p(x,y) for 1 bit length “sequences” using eq 4a
and thus a joint p.d.f P(X,Y) is formed. Note that there is no
real distinction between vertices x and y; this designation is
hypothetical.

Let us illustrate the computation of the MI, CE, and JE IFIs
using eqgs 1, 2, 3, 4, and 4a. For operational convenience,
mutual frequencies and corresponding joint probabilities are
represented by frequency and joint probability matrices,
denoted by F and P, respectively, as shown below:

0.048 0.071
0.095 0.143
0.119 0.095
0.143 0.048
0.048 0.167

schemes for codification of heteroatoms and unsaturated bonds
are formulated to achieve greater applicability of the GT-
STAF approach in the characterization of structural informa-
tion. Also generalizations of the summation operator as the
global characterization of the vertex code word entropies are
discussed.

The different approaches (or models) aimed at providing
structural and physicochemical interpretations to the proposed
IFIs will now be discussed, with the hope of achieving better
comprehension of the information codified by these parameters,
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Figure 3. Atomic mutual information values for molecular structures A, B, C, and D, computed using the connected subgraphs
molecular “fragment” model and Pauling’s electronegativity scale.

as well as to appreciate their usability in chemoinformatic
tasks.

Results and Discussion

Molecular Symmetry Perspective.  The outlook of a
chemical structure as a communication system permits sim-
ilarity-based analyses to be performed and conveys intuitive
understanding on the nature of the molecular structure. Note
that for this case both the source originator (input) and
destination (output) belong to the same molecule.

When the code word for vertex v; is transmitted along a
communication channel and an “identical code word” (in this
context refers to same bit sequence or Hamming weight,? i.e.
number of 1 bits in a given code word) belonging to another
vertex v; is received at the output terminal, this suggests that
these vertices are similar (i.e. possess same identity and/
vicinity). On the other hand, completely “dissimilar code
words” represent vertices of different nature, in structural terms
(equivalent to transmission along useless communication
channels). In between these two extrema, we may have a code
word for v; to some extent similar to that of v; but with some
distortions (modifications), typical of a nonideal or noisy
communication channel. In this case, knowledge on the degree
of similarity for the analyzed code words would reflect on the
extent of structural equivalence of the considered vertices.

In order to assess the trueness of these information-theoretic
inferences on the nature of vertices, M/ values for each vertex
with respect to the rest of vertices for molecular structures A-D
were computed, using the connected subgraphs model as the
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data source and Pauling’s electronegativity as the weighting
scale, to permit the discrimination of unsaturated bonds and
heteroatoms (Figure 3). Note that SE, CE, or JE values of
vertices could be used as well and these would yield the same
corollaries.

If the vertex MI values for the molecular structures A-D are
examined, one feature stands out, vertices with similar environs
in a molecular structure, have identical MI values, while
vertices with dissimilar vicinities have different M/ values.
Certainly, permutations for such vertices are structure preserv-
ing. It is thus natural that these entropy values are related to
molecular symmetry on a bi-dimensional scale. Determining
the proportion of structure-preserving vertex-permutations in a
molecular structure yields a measure of molecular symmetry.
Characterizing the statistical distribution of vertex entropy
values offers a suitable measure of molecular symmetry, but
caution should be taken for the possible subjectivity of such
measure with respect to the number of entropy values, that is,
molecular size. Accordingly the normalized or standardized
Shannon’s entropy (sSE) is used,'! defined as:

G
0(gi) log, 0(gi)

N N

SSE = —= %)

log, N

where p(g;) is the cardinality of equivalence class g;, and N, is
the number of vertices of molecular structure. The sSE, which
will be denominated the symmetry index, SI, has the following
characteristics:

0<S8I<1
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SI = 0 represent perfectly symmetry
SI =1 represents maximum asymmetry, from a topological
perspective

These attributes have been suggested as imperative for ideal
symmetry measures.!! Consequently, structure A, characterized
by identical vertex SE values, has S/ = 0, and thus perfectly
symmetrical, while for structure D, with distinct vertex SE
values, yields S/ = 1, representing maximum asymmetry.

Symmetry plays a vital role in the quantum-mechanical
understanding of atomic and molecular states, NMR spectra
and various physicochemical properties, such as entropy, dipole
moment, surface tension, etc.>!2° Thus the GT-STAF approach
should yield good correlations for these properties. With the
aim of evaluating the validity of these deductions, we compare
the atomic entropy values computed for oxygen atoms in a set
of ethers and carbonyl compounds with their corresponding
70 nuclear magnetic resonance (NMR) chemical shifts,¢
using single variable regression equations (note that no
weighting scheme was used). As anticipated, good correlations
are observed between the atomic entropy values and the
chemical shifts, for ethers (eq 6 and Table 1) and carbonyl
compounds (eq 7, for details see Table SIl, Supporting
Information), respectively.

Ethers
A =—105.64 (£7.50) + 51.40 (£2.95)CE(_; (6)
R>=0.97, s=6.77, F =304.16, n = 10

Carbonyls
A = 627.61 (£5.99) — 34.87 (£3.06)CE, @)

R*=10095 s=4.49, F=129.48 n=9

Besides yielding good correlations, other interesting ten-
dencies are observed. In the first place, atomic entropy values
computed from low order (0-1) “fragments” yield better
correlations than the ones computed from the entire model of
molecular “fragments” (for details see Table SI2, Supporting
Information). This result suggests less relevance for distant
methyl group contributions to the chemical shifts, which is
consistent with spectroscopic understanding. For example, it is
known that the inductive effect of substituent groups on proton
shifts influences the separation only up to 3 bonds as it is
rapidly buffered with increase in distance.

Another interesting observation from this study is that,
compared to SE, JE, and MI values much better correlations are
obtained with CE values. From information theory, CE, also

Table 1. Experimental and Calculated Values for ’7ONMR
Chemical Shifts in Ethers

ID Compound CEo; 70A Calculated
1 Dimethyl 0.99 —52.2 —54.78
2 Ethyl methyl 1.59 -22.5 —23.84
3 Isopropyl methyl 2.09 -2 2
4 t-Butyl methyl 2.52 8.5 23.73
5 Diethyl 2.11 6.5 2.97
6 Isopropyl ethyl 2.54 28 24.96
7 t-Butyl ethyl 2.90 40.5 43.62
8 Diisopropyl 2.91 52.5 43.99
9 t-Butyl isopropyl 3.23 62.5 60.32

10 Di-z-butyl 3.51 76 74.84
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known as equivocation, measures the level of dissimilarity or
ambiguity between the sent and received messages. Likewise,
for atomic CE measures the degree of dissimilarity between
the codes for the considered atom and those for atoms in its
vicinity. On the other hand, chemical shifts reflect the alteration
of the environment of an atom in a molecule due to electronic
and steric influences. An attempt to rationalize the superior
correlations for CE with 'O chemical shifts from an infor-
mation theoretic perspective suggests that chemical shifts are
thus related to a measure of “ambiguity” between the environ-
ment of an atom in a “promolecule” (comprised of atoms of
identical vicinities) and the actual compound in whose vicinity
it is analyzed. This is in fact not far from nuclear magnetic
resonance intuition. Chemical shifts express the amount by
which proton resonance is shifted with respect to a standard
reference substance, whose protons are the most shielded.

Finally, given that chemical shifts mirror the milieu of an
atom in a molecule due to electronic and topological influences,
the good correlations for the atom entropy measures and this
property suggest that these indices represent a unified approach
effective in encoding both electronic and steric attributes of
atoms in molecules.

Influence of Structural Changes on Atomic Entropy
Values. One of the desirable properties of novel MDs is that
these possess progressive and logical variations on gradual
structural changes. An analysis of these trends may provide
greater understanding of the information codified by proposed
MDs.?® Consequently, in this section the tendencies of the GT-
STAF IFIs in different structural variations are evaluated. The
entropy computations for subsection: Molecular Symmetry
Perspective to subsection: Amino Acid Properties and their
Relation to GT-STAF Indices are carried out using the
connected subgraphs molecular “fragment” source originator,
and for subsection: Evaluation of Relationship between
Experimental pK, Values of Substituted Anilines and GT-
STAF Indices, two molecular “fragment” models are selected
for each group, i.e. CS and S for graph theoretic models, MA
and SS keysets for fingerprint models; and ALOGP and AMR
sets for magnitude-based models.

Chain Lengthening in Alkanes: As it can be observed in
Table 2, lengthening of the carbon chain is accompanied by
gradual reductions in the terminal and inner vertex SEs. On
the other hand, a contrasting trend is observed with CE, in
the sense that with chain lengthening, the terminal and inner
vertex SEs increase. As for MI, while the inner vertex MIs
progressively increase, no definite trend is traceable for the
terminal MI. Terminal JE increases from pentane to heptane
and then it gradually decreases for the subsequent terminal JE
values. In the case of inner JE values; these increase up to
heptane, after which the addition of an ethyl group to the
carbon skeleton, adds one inner vertex, from each periphery
inwards, whose JE value reduces.

Branching in the Carbon Skeleton: For SE, the effect of
branching leads to an increase in the entropy value at the
branching point, with more buried vertices having higher SE
values (for details see Table SI3, Supporting Information).
An opposite trend is observed for MI, CE, and JE, with more
buried vertices characterized by declines in their respec-
tive entropy values. Entropy values for vertices adjacent to
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Table 2. Influence of Chain Lengthening
/2\/4\
1 3 5
1 2 3
SE 0.401 0.487 0.504
MI 0.580 0.688 0.700
CE 2.062 1.730 1.511
JE 2.149 2.417 2.428
/2\/4\/6\
1 3 5 7
1 2 3 4
SE 0.299 0.401 0.444 0.456
MI 0.683 0.914 0.989 1.005
CE 2.817 2.753 2.388 2.225
JE 2.610 3.196 3.328 3.344
2 4 6 8
1 /\3/\5/\/\ .
1 2 3 4 5
SE 0.216 0.318 0.380 0.411 0.420
MI 0.650 0.941 1.078 1.148 1.168
CE 3.227 3.772 3.637 3.352 3.230
JE 2.130 3.104 3.720 3.933 3.983
/2\/4\/6\/8\/10\
1 3 5 9 11
1 2 3 4 5 6
SE 0.172 0.260 0.316 0.354 0.379 0.387
MI 0.661 1.013 1.179 1.225 1.229 1.238
CE 3.464 4.367 4.611 4.600 4.485 4.415
JE 1.805 2.736 3.383 3.880 4.282 4.388
/2\/4\/6\/8\/10\/12\
1 3 5 9 1 13
1 2 3 4 5 6 7
SE 0.144 0.221 0.272 0.307 0.331 0.345 0.352
MI 0.654 1.048 1.270 1.358 1.349 1.291 1.252
CE 3.665 4816 5.280 5.464 5.547 5.601 5.622
JE 1.573 2.441 3.074 3.573 3.977 4.294 4.498

branching points are equally influenced by increase in rami-
fications of the carbon skeleton in a similar manner. This result
suggests the existence of a relationship between the topological
arrangement of atoms and their entropy values. Hence proper-
ties closely related to the topology of molecular structures
should be properly codified by these indices.

Unsaturated Bonds in Carbon Skeleton: In the GT-STAF
approach, a weighting scheme is adapted to codify unsaturated
bonds in order to discriminate sp/sp’> carbon atoms from
corresponding sp® carbons. It is thus logical that only the
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entropy values for involved vertices are altered with respect to
the saturated analogs (for details see Table SI4, Supporting
Information).

It follows that, unsaturation leads to a decrease in the
entropy values, proportional to the vertex degree of the
involved atoms, that is, there is more decrease for sp than sp?
hybridized carbon atoms, as well as for terminal (sp/sp?) than
inner (sp/sp?) carbon atoms. Therefore unsaturated bonds
“invert” the roles of the vertices that constitute the unsaturated
bonds. In molecular sciences, in order to gain better compre-
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hension of the influence of unsaturated bonds on a molecular
structure, concepts like bond length, electron density, rigidity,
etc., are almost classical. For example, from bond length, that
is, the mean distance in time between two nuclei of two atoms
bonded together, it is known that the Csp>~Csp? bond is shorter
than Csp>~Csp’. Although the adapted scheme was simply
aimed at achieving discrimination for unsaturated bonds, it
would be plausible that the entropy values have some sort of
relationship with properties like bond length. Following this
notion, the unsaturated bond entropies were computed (as the
average entropy for the atom pairs that constitutes the unsat-
urated bonds, parallel to the bond length concept) and their
correlations with the bond length found (see Table SIS, in
Supporting Information).

The correlation coefficients, R, obtained for SE, MI, CE, and
JE with the bond length were 0.995, 0.998, 0.867, and 0.995,
respectively. Thus, other than for CE, the application of the
weighting scheme to SE, MI, and JE achieves good relations
with the bond length, suggesting that not only is discrimination
of unsaturated bonds achieved, but this scheme permits
codifying important structural information consistent with the
introduction of unsaturated bonds to the carbon skeleton.

Introduction of Heteroatom in Carbon Skeleton: Given
that standard graph-theoretic molecular “fragment” models do
not possess the capacity of discriminating heteroatoms from
carbon atoms, a scheme was adapted which assigns weights to
the atoms in the molecular structure to award greater appli-
cability to the IFIs derived from these models. These weights
are atomic properties such as: van der Waals volume, Pauling’s
electronegativity, etc. Therefore for functional group isomers
characterized by changes in the heteroatom type, the effect of
the introduction of the heteroatom is largely dependent on the
trend offered by the weighting scheme, in the sense that, if
a property decreases across and/or down the periodic table,
corresponding reductions will be achieved in the entropy
values, and vice versa.

Cyclicity and Aromaticity: = Most drugs have as their
nuclei, cyclic or aromatic structures, which make these struc-
tures of particular interest in medicinal chemistry. It is thus
desirable that proposed MDs adequately discriminate isomeric
cyclic and/or aromatic structures, or more specifically unsat-
urated bonds, from this class of compounds. This study is
aimed at evaluating to what extent the GT-STAF IFIs
adequately discriminate unsaturated bonds in diverse cyclic
or aromatic vicinities. Comparisons with linear analogs are
made as well. Table 3 shows the SE, MI, CE, and JE values
calculated for the selected molecular “fragment” models.

Firstly, while cyclization (hex-1-ene to cyclohexane and but-
1-ene to cyclobutane), is accompanied by an increase in all
entropic values for graph theoretic models, the ALOGP-based
entropic values depict the contrary, decreasing for all entropic
values. As for AMR-based IFIs, cyclization causes reduction
in SE and CE, whereas increases are observed for M[ and JE
IFIs. In the case of the fingerprint-based IFIs, the small size of
the considered molecules means that these will have very few
(or none) of the fingerprints activated and thus they do not yield
meaningful values especially for MI, CE, and JE in some of
the cases. However, it could be noted that for MA fingerprint-
based models show an increase SE values on cyclization.
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A shift from saturated to unsaturated bonds causes a decrease
in all graph-theoretic entropy values, as well as SE values for
the MA’s model. An opposite trend is observed for ALOGP
entropy values, increasing on moving from saturated to un-
saturated bonds. In the case of AMR models, an increase is
observed for SE and CE, while a decrease for MI and JE values
is obtained. On the other hand, in graph-theoretic events, no
differences in entropy values are observed for unsaturated
bonds in conjugated (or aromatic) and unconjugated systems,
neither does the inclusion of heteroatoms (see pyridine) affect
these entropic values. As for the MA-based model, while
conjugation does not yield differences in entropy values for
unsaturated bonds, aromaticity produces a decrease in SE
values. The SS-based model yields no value for unconjugated
bonds in cyclic carbon skeletons, although a decrease is
observed for SE values on moving from nonaromatic to
aromatic conjugated bonds. A comparison of entropy values for
ALOGP and AMR reveals contrasting trends: while conjuga-
tion is accompanied with a decrease in all the entropy values
for ALOGP, in the case of AMR, conjugation causes an
increase the corresponding entropic measures. Aromaticity
causes an increase in SE, MI, and JE values for ALOGP and a
decrease for CE in the same model. As for AMR, a decrease
is observed for SE and CE values while an increase is obtained
for MI and JE values. The inclusion of a heteroatom in the
aromatic system causes a decrease in SE values for MA and SS-
based models. In the ALOGP and AMR models, SE and CE
values increase while M1 and JE values decrease.

Finally, in graph-theoretic models, unsaturated bonds in
naphthalene possess lower SE values and higher MI, CE, and
JE values than in benzene. Likewise, unsaturated bonds in
naphthalene for MA and SS models possess lower SE than
in benzene. As for ALOGP models, all entropic values in
naphthalene are lower than those for benzene. The same ten-
dency is observed for AMR models with the exception of CE
values.

Here more than revealing the changes in entropy values for
unsaturated bonds in different vicinities, it is known that the
reactions that involve unsaturated bonds largely depend on
the accessibility of the m electrons, which is in turn largely
influenced by the vicinity of these electrons. Therefore param-
eters that depict gradual changes (increases or reductions) for
unsaturated bonds in different vicinities, should codify impor-
tant structural information inherently useful in the prediction
of properties inherent to the nature of unsaturated bonds.

General Trends for Terminal and Inner Atoms Entro-
pies. As may have been perceived in Table 3, SE, M1, CE, and
JE computations using the CS source originator algorithm
assign more weight to inner vertices than peripheral ones, thus
suggesting that in the codification of molecular properties,
greater role is placed on the contribution of inner vertex
entropies than the terminal ones. On the other hand, if the
weighting scheme for discriminating unsaturated bonds or
heteroatoms is applied to saturated hydrocarbons, the role of
the terminal vertex entropies with respect to the inner vertex
entropies is “reversed,” conveying a dominant role to the
former. The question as to which scheme is the most optimal
has no clear cut answer, as this depends on the property
considered. Nonetheless, it has been demonstrated that for bond

© 2014 The Chemical Society of Japan | 103


http://dx.doi.org/10.1246/bcsj.20140037

Table 3. Influence of Cyclicity and Aromaticity

Compounds Index? csP S9 MAY SS® ALOGP! AMR®
SE 8.144 7.685 9.354 3.742 3.080 5.238

MI 11.659 11.125 0.000 0.000 0.540 0.832

\/\/% CE 36.090 41.828 0.000 0.000 6.043 8.543
JE 42213 55.140 0.000 0.000 0.561 0.862

SE 9.672 9.672 9.672 0.000 1.526 4.836

MI 15.907 12.813 0.000 0.000 0.403 2.510

CE 50.431 45.672 0.000 0.000 0.806 5.020

JE 68.398 68.712 0.000 0.000 0.403 2.510

SE 6.448 6.448 7.128 0.000 2.252 5.580

Ml 10.605 8.542 0.000 0.000 0.451 1.489

CE 33.621 30.448 0.000 0.000 3.158 10.421

JE 45.599 45.808 23.347 0.000 0.451 1.489

SE 6.448 6.448 6.777 0.000 2.425 5.089

Ml 10.605 8.542 0.000 0.000 0.919 2.348

CE 33.621 30.448 0.000 0.000 2.297 5.869

JE 45.599 45.808 11.673 0.000 0.919 2.348

SE 6.448 6.448 6.777 7.483 2.394 5.120

MI 10.605 8.542 0.000 0.000 0.906 2371

CE 33.621 30.448 0.000 0.000 2.264 5.927

JE 45.599 45.808 11.673 0.000 0.906 2.371

SE 6.448 6.448 6.448 6.448 2.659 4.744

MI 10.605 8.542 0.000 0.000 1.169 2.438

CE 33.621 30.448 0.000 0.000 1.169 2.438

JE 45.599 45.808 0.000 0.000 1.169 2.438

SE 4.663 4.877 4.783 4.707 2.036 3.717

S MI 11.433 9.975 16.230 46.693 0.998 2.123
Q CE 63.578 60.018 22271 11.673 1.247 2.654

JE 75.025 77.652 52.442 58.366 0.998 2.123

SE 6.448 6.448 6.295 5.860 2.701 4772

@ MI 10.605 8.542 24.641 31.816 0.803 1.409
- CE 33.621 30.448 18.176 14.355 3.379 5.990

" JE 45.599 45.808 45.944 46.807 0.803 1.409

SE 9.112 9.112 9.354 3.742 3.915 5.676

/\@ MI 9.761 8.453 0.000 0.000 0.791 1.032
CE 27217 23.315 0.000 0.000 5.682 10.940

JE 35.367 36.004 0.000 0.000 0.828 1.088

SE 11.225 11.225 11.225 0.000 2.035 5.612

MI 10.274 9.559 0.000 0.000 0.498 2.658

|:® CE 32.910 21.578 0.000 0.000 0.997 5.315
JE 45.248 40.260 0.000 0.000 0.498 2.658

SE 9.112 9.112 9.354 8.790 4.526 5.450

/\@ MI 9.761 8.453 0.000 11.225 1.579 1.701
= CE 27.217 23.315 0.000 11.225 3.804 6.541
JE 35.367 36.004 0.000 29.933 1.653 1.766

SE 6.950 6.950 6.739 6.195 2.883 5312

{/ % MI 8.657 6.788 20.519 25.368 0.820 1.624

. CE 27.911 24.265 9.503 13.108 3.280 6.496

. JE 37.884 37.573 32.296 38.900 0.820 1.624

a) Average entropic values are considered for Csp’~Csp? bonds in aromatic systems. b) Connected subgraphs. c¢) Sachs subgraphs.
d) MACC:s fingerprints. e) Substructure fingerprints. f) Atomic hydrophobicity. g) Atomic refractivity.

additive properties like the boiling point, it is desirable that  simple analysis could be performed with 18 octane isomers,
peripheral bonds (or atoms) have greater weight than the  using any weight X, let us say, van der Waals volume and the
internal ones.*?’ It could be thus anticipated that the use of the CS source originator algorithm.

adapted weighting scheme on saturated hydrocarbons should As was expected, “swapping” the roles for the vertices, to
yield better correlations for the boiling point of alkanes. A award greater weight to the terminal vertices and lesser con-
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Figure 4. Tendencies for physicochemical properties and IFI values for octane isomers.

tribution to the inner ones yields improvements in univariate
correlations for the boiling point of the octane isomers (for
details see Table SI6, Supporting Information).

Interestingly, negative correlations are achieved with the
boiling point. To comprehend this behavior, the global IFI
values are analyzed. It is known that an increase in branching
of alkanes results in the decrease in the degree of freedom
of rotation of the C—-C bonds, which lowers the molecular
thermodynamics entropy. Furthermore, according to the clas-
sical thermodynamics equation for entropy and Trouton’s
rule,?® entropy, boiling point and heat of vaporization are
proportional terms, influenced by molecular branching (i.e.,
decrease with increase in ramification of the carbon skeleton).?’
Thus negative correlation should be due to a shift of the
entropy values to the opposite direction with respect to these
properties, which is indeed demonstrated in Figure 4. Like-
wise, the isomeric variation of these properties is assessed
using a special graph proposed by Randi¢,*® whose coordinates
are paths of length two and three for octane isomers [(p2, p3)
graph], revealing consistency with the trends observed in
Figure 4 (see Supporting Information, SI7 and SI8).

Why moderate single variable correlations are yielded with
the boiling and melting points is rather difficult to interpret.
It has been suggested that it is probably due to some sort of
synergetic phenomenon not interpretable by a microscopic
mechanism. Also, single variable models do not yield good
correlations for properties related with both the dynamic and
static attributes of molecular structures like critical temperature,
volume, and density. Good correlations for such properties
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require contributions from more than one variable. However,
interpretations for such models are not straight forward.
Certainly the aim of this study is not to find the best corre-
lations, as only a very small portion of the GT-STAF descriptor
space is explored. An important inference for this study is that
the GT-STAF structure possesses two contrasting tendencies;
one characterized by a greater role for terminal vertices and
lesser one for inner vertices (unweighted entropic measures),
and a reversed trend for the other (weighted entropic measures),
which awards this approach notable versatility, permitting its
application in the correlation studies of a wide range of molec-
ular structural properties. Similar analyzes for other molecular
“fragment” models could be performed as well. On the other
hand, it has been suggested that indices that discriminate
between more buried (topologically involved) vertices from
terminal (exposed) ones are related with molecular accessibility
areas and/or volumes and would thus codify information on
intermolecular forces and interactions.>” 103!

An ideal study to evaluate this hypothesis is by means of the
analysis of the amino acid conformation properties, addressed
in the subsequent section. To acquire deeper insight on the
information codified by the GT-STAF approach, more amino
acid properties (physicochemical and thermodynamic) were
analyzed as well.3>37

Amino Acid Properties and Their Relation to GT-STAF
Indices. Several reports in the literature have pointed to the
existence of a close relationship between protein stability and
amino acid physicochemical, energetic and conformational
properties.’?=7 Property sets of different magnitudes for the 20
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coded amino acids have been proposed by various authors
for use in proteomic tasks, with one of the most common
being a set of 48 amino acid properties, proposed by Gromiha
et al.3?

In other cases, these properties are condensed in orthogonal
“properties” using principal components analysis. Examples
include: the three z-scales derived from a set of 29 physico-
chemical variables,>® KOKOS descriptors (10 principal prop-
erties computed from a collection of 188 physicochemical
properties),>*** the VHSE descriptor (comprised of 8 principal
properties derived from 50 physicochemical properties of the
20 coded amino acids)*' and 2 principal properties obtained
from molecular interaction fields,*> among others.

In this subsection, our primary aim is to explore the amino
acid property space with the hope of gaining more insight on
the information codified by the GT-STAF IFIs, following the
synthesis that if an index correlates with a particular prop-
erty, computed or experimentally determined, then that index
could be interpreted in terms of that construct. To guarantee a
broader amino acid property space for exploration, 70 variables
we considered and these comprised of the 48 (conformational,
physicochemical, and thermodynamic) properties, 3 z-scores, 8
VHSE principle properties, 2 principal properties for molecular
interaction fields, 5 T-scale properties,* in addition to the iso-
tropic surface area (ISA),** the electronic charge index (ECI),*
and the hydropatic indices (HWS and KDS).*#¢ Likewise, 12
indices were calculated for each molecular “fragment” model
(3 global invariant operators, i.e. one metric, mean and statis-
tical invariant, on the 4 atomic entropy measures, i.e. SE, MI,
CE, and JE), using the van der Waals volume (V) as weight, to
yield a total of 132 GT-STAF indices.

To explore the information codified by the GT-STAF
approach, factor analysis was carried out for a data set com-
prised of the amino acid properties and the GT-STAF indices
and “varimax normalized” is used as the rotational strategy to
allow easy interpretation of the factor loadings. The theoretical
aspects of this statistical method have been explained else-
where. 47 In this analysis, only factor loadings greater than
0.60 are considered. The factor loadings, eigenvalues and the
percentages of the explained variance by ten principal factors
obtained in this study are available as Supporting Information
(SI9 and SI10).

Factor 1 (30.761%) possesses robust loadings for IFIs for
molecular “fragment” models based on CS, Q, K, VP, S, MA,
ES, and SS fingerprints, as well as ALOGP and AMR criteria,
particularly computed using the summation operator as global
invariant (N1). Likewise, several amino acid properties are
loaded in this factor, among which are: parameters related with
size and steric features [molecular weight (Mw), bulkiness (B),
partial specific volume (7°), refractive index (i), helical con-
tact area (C,), volume (V), principal component score on steric
properties (VHSE;)]; hydrophobic scales [Thermodynamic
transfer hydrophobicity (H,), solvent-accessible surface area
for denatured protein (ASAp), solvent-accessible surface area
for unfolding protein (AASA), principal property from molec-
ular interaction fields (PP2 Hydroph.), isotropic surface area
(ISA)]; thermodynamic properties [short- and medium-range
nonbonded energy (Ey), unfolding enthalpy change of hydra-
tion (AHy), unfolding entropy change of hydration (—TAS),
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unfolding hydration heat capacity change (AC;), unfolding
enthalpy change of chain (AH,), unfolding entropy changes of
chain (—TAS,) and unfolding Gibbs free energy change (AG)]
and principal components on topological indices (T1 and T5).
This result indicates that there exist correlation between this set
of diverse amino acid properties and the molecular “fragment”
models loaded in this factor, suggesting that the latter codify
information related with hydrophobic, energetic and physical
features of these molecules.

Similarly, GT-STAF IFIs are strongly loaded in factor 2
(22.637%), specifically indices derived from TP and VP source
originator algorithms, as well as CS and S models based on the
potential mean (P3) and the kurtosis (K) operators. In the same
factor is loaded the Z;-score (contains information for amino
acid properties pK,, pl, 'THNMR and some hydrophobicity/
hydrophilicity scales), extracted by principal component analy-
sis of 29 physicochemical properties for the 20 coded amino
acids, suggesting that there exist a relationship between the
properties important for the Zs-score and the GT-STAF IFIs.
Given that these properties are generally related with electronic
and steric configurations of molecular structures, it could be
deduced that the GT-STAF IFIs derived from the TP, VP,
CS, and S molecular “fragment” models codify information
important for these features.

Factor 3 (10.993%) is important for amino acid properties
whose information is not adequately codified by single variable
GT-STAF IFI correlations, particularly hydrophobicity-related
parameters such as: surrounding hydrophobicity (), average
number of surrounding residues (NV;), combined surrounding
hydrophobicity (H,m), solvent-accessible surface area for
native protein (ASAy), buriedness (Br), normalized consensus
hydrophobicity (H,.), solvent-accessible reduction ratio (R,) as
well as the principal component on hydrophobicity (VHSE)
and hydrophilicity (Z;); conformational measures: long-range
contacts (N)), flexibility (number of side-chain dihedral angles)
(f); thermodynamic properties: total nonbonded energy (Ey),
long-range nonbonded energy (£,), Gibbs free energy change
of hydration for unfolding (AGy), free energy change of
hydration for native protein (Gpn), unfolding entropy change
of protein (—7TAS), unfolding enthalpy change (AH), as well
as other physicochemical properties such as: polarity (P) and
related principal component (PP1), chromatographic index
(R¢); electronic parameters: the electronic charge index (ECI)
and principal component on electronic properties (VHSES)
and finally the principal component on topological descriptors
(T2).

On the other hand, factor 5 (4.448%) reveals strong corre-
lation for the information index VJEg (ES) [JE computed on the
ES molecular “fragment” model and the Kurtosis operator] and
amino acid properties pH at isoelectric point (pHi) and the
propensity to be at C-terminal (o).

Note that factors 4 (8.508%) and 6 (4.112%) are exclusive
for the GT-STAF methodology, implying that there is important
structural information codified by the proposed IFIs that is
orthogonal to the considered amino acid properties.

Based on the evidence provided by this experiment, it
could be deduced that the GT-STAF approach codifies impor-
tant physical, physicochemical, conformational, and energetic
features of molecules, demonstrating its versatility.
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Table 4. Statistical Parameters of Best Models for Ionization Constant of Aniline Derivatives

Variables n R? 0? s F

Hammett o constants 1 0.940 — 0.310 530
Natural charge (Q,)* 1 0.915 — 0.368 365
Relative proton-transfer enthalpy (AHpor)*’ 1 0.921 — 0.354 398
Minimum ionization energy (Ismin)>’ 1 0.949 — 0.285 633
Minimum molecular electrostatic potential (Viin)> 1 0.945 — 0.300 585
GT-STAF (eq 9) 1 0.720 0.688 0.677 87.59
GT-STAF (eq 9) 2 0.863 0.835 0.481 103
GT-STAF (eq 10) 3 0.926 0.904 0.359 133
GT-STAF (eq 11) 4 0.949 0.932 0.302 145

Evaluation of Relationship between Experimental pK,
Values of Substituted Anilines and GT-STAF Indices. The
effect of substituents on the reactivity and properties of
chemical structures constitutes an area of particular interest in
structure activity relationship studies. Several parameters have
been successfully employed in the prediction of chemical
properties due to variations in substituent groups which include
empirical parameters (e.g. Hammett constant),’*>? quantum
chemical descriptors (e.g. the molecular electrostatic poten-
tial),>>-3> as well as group contribution methods (e.g. the Free—
Wilson model),*® among others. Among the extensively studied
properties is the ionization constant (pK,) of organic acids and
bases.3237-% Proton uptake or release controls many important
biological processes. Proper pK, predictions are of critical
importance in structure activity studies given that many
biological processes such as respiration, catalysis and protein
synthesis entail proton exchange mechanisms.

This section aimed at assessing the possible relationship
between the acid ionization constant (pK,) and the GT-STAF
approach through univariate correlations, using 36 aniline
derivatives. This group of chemical compounds has been used
by several authors to study the predictive ability of the ioni-
zation constant using different molecular parameters,>%%°

As it is evident from Table 4, only moderate correlation
(R* = 0.720) is obtained with univariate models. This however
does not imply that good correlations are not obtainable with
the GT-STAF approach, but rather indicates that all the infor-
mation relevant for pK, correlations is not condensable in
single variables, and thus modeling of such a property requires
contributions from more than one variable. This is indeed true,
as bivariate and three variable models yield improved corre-
lation coefficients (R?) of 0.863, 0.926, and 0.949 for two, three
and four variable models, respectively, with the latter com-
parable to the best correlation obtained for quantum chemical
parameters,”® see Table 4 (for GT-STAF regression model
equations, see Supporting Information, SI11).

The low F value for the GT-STAF model is because this
parameter is inversely proportional to the degree of freedom for
the regression model. Up to this point, correlations of the
different parameters with the ionization constant (pK,) have

been analyzed. To obtain a clearer picture of the existent
relationship for the response variable, the quantum-chemical
descriptors and the GT-STAF approach (17 variables are
considered), principal component analysis is performed (the
variables and the factor loadings for this study are available
as Supporting Information, SI12). Two important aspects are
observed: 1) the quantum chemical descriptors are strongly
correlated with the studied property evidenced by robust
loadings in the same factor, and thus capture the same essence
of the chemical structure, and 2) the GT-STAF IFIs are mainly
loaded in Factor 1 (53.75%), signifying that these indices
capture some other form of structural information orthogonal to
that of the pK, and the quantum chemical parameters.

However, there are a few GT-STAF IFIs that are loaded in
the same factor as quantum chemical indices. It is not sur-
prising that it is these that yield the best correlations for pK,
(see Supporting Information, SI11). Moreover, there are load-
ings for GT-STAF IFIs in Factor 3 (9.51%), 4 (7.21%), and 5
(3.27%). Accordingly, the conclusion arrived at for this section
is that, generally, the GT-STAF approach codifies some other
form of electronic information orthogonal to empirical, quan-
tum chemical and pK, parameters for molecules, although
contributions from various MDs provides the necessary infor-
mation for adequate description of this property.

Atomic Contributions to Global Molecular Properties.
In previous reports, in order to demonstrate the usability of
the GT-STAF approach in QSPR studies, a search of the best
models for the physicochemical property, the partition co-
efficient n-octanol/water, using a database of 34 derivatives
of furylethylenes was performed,'>!> demonstrating superior
performance than DRAGON MDs and other models reported
in the literature.!73

In this case, our interest is to interpret the GT-STAF IFIs in
terms of the atomic contributions to the global partition co-
efficient. Accordingly, a five variable model for log P (eq 8)
was built using total IFIs computed using Manhattan’s distance
operator (equivalent to the linear combination of atomic
entropy values). The analysis of atomic contributions to the
global partition coefficient permits determining the atoms (or
atom groups) majorly contribute to the studied property.

log P = 4.242 (1.265) — 0.960 (£0.184) YSEx;[(D)]ICS + 0.091 (£0.020) YMIy;[(D)]CS
—0.013 (£0.003) YMIy;[(D)ISS + 0.249 (£0.044) YSEn;[(D)]S + 0.347 (£0.074) YSEx; [(D)]V ®)

R* = 81.63, Q*loo = 74.53, F =24.89, s =0.33

Bull. Chem. Soc. Jpn. 2015, 88, 97-109 | doi:10.1246/bcsj.20140037

© 2014 The Chemical Society of Japan | 107


http://dx.doi.org/10.1246/bcsj.20140037

Table 5. Atomic Contributions to the Global Partition Coefficient of 2-Nitro-5-vinylfuran Using Equation 12

Atom  YSEn[(D)ICS  YMIy[(D)ICS  YMIy[(D)SS  VSEm[(D)]S  VSEm[(D)]V  logP (eq 12) G and C Scale
0, 0.280 0.583 0.779 0.248 0.276 0.356 0.391
C, 2.324 4.840 10.660 2.075 2.039 —0.278 0.138
Cs 2.607 5.584 14.400 2.597 2.902 —0.100 —0.045
Cy 2.531 5772 14.400 2.571 3.021 0.025 —0.045
Cs 2.195 5.195 11.621 2.109 2.139 —0.091 0.138
Cs 2.282 6.753 12.142 2.647 2.573 0.245 —0.036
C; 2.316 8.442 17.273 3.251 2.268 0.347 —0.239
Ng 0.511 1.232 1.397 0.546 0.458 0.323 —3.185
Oy 0.183 0.556 1.146 0.174 0.165 0.385 1.824
O1o 0.366 1.112 0.648 0.347 0.331 0.367 1.824
Global 15.595 40.069 70.066 16.565 16.172 1.579 0.765

The molecular structure of 2-nitro-5-vinylfuran was selected
as reference example for the study of atomic contributions to
the global molecular partition coefficient (Table 5). Although
these contributions may not represent the “actual” constructive
algorithm for molecular hydrophobicity, this result offers
valuable understanding of the GT-STAF approach, in terms
of the weight placed on contributions of different fragments.
However, these “shifts” rather than their magnitudes are to a
greater extent consistent with chemical intuition. Firstly, it is
known that though the nitro group is polar in nature and thus
with a strong hydration effect, when attached to an aromatic
ring system, it attains a positive hydrophobic contribution.
The justification for this trend is the stabilizing effect due the
interaction between nonbinding nitro group electrons and the
cloud of aromatic system which lowers the molecular system
entropy. Likewise, the extended chain-conjugation with the
furyl group lowers the hydrational effect due an aqueous
medium, which results in an increase in the hydrophobicity.

On the other hand, the negative shift for the furyl group on
the GT-STAF hydrophobicity scale seems somewhat “mis-
placed.” In reality, this means that the information codified by
the GT-STAF approach represents a component important for
molecular hydrophobicity, characterized by a reductionist ten-
dency for aromatic systems resulting in less lipophilic behavior.
A comparison with the Ghose and Crippen atomic hydro-
phobicity parameters reveals a quite different scheme (Table 5),
giving greater weight to the furyl group (0.577) than the nitro
group (0.463), while a negative contribution is attributed to the
ethylene side chain (—0.275). This reveals that the GT-STAF
and the Ghose and Crippen atomic hydrophobicity scales are
unrelated and thus the former codifies some other form of infor-
mation equally important for computing the molecular hydro-
phobicity (Note that for the Ghose and Crippen scale includes
hydrogen atom contributions, and thus the total value is less
than the actual value when hydrogen atoms are considered). The
assessment of the atom or fragment contributions to molecular
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properties permits the elucidation of the structure—activity relat-
ionships (SAR) of chemical entities, which in turn rationalizes
the mechanistic modification of chemical structures to enhance
(or reduce) the magnitude of their properties or activities, as
well as the identification of bioisosteric molecular fragments.

Conclusion

In this report, several approaches aimed at understanding the
information codified by the GT-STAF IFIs are presented. These
studies demonstrate that while most chemical parameters, say,
the boiling point or molecular mass, have single interpreta-
tions due to their chemical or physical definitions, theoretical
MDs capture diverse structural, chemical, and physicochemical
information and would thus be too limiting to analyze these
indices from a unique model. It should also be remembered that,
not all chemical information captured by mathematical algo-
rithms is interpretable using known models and as new models
are discovered, other interpretations could be given to these
theoretical parameters. However, if an index depicts trends
consistent with a traditional chemical model, then it could be
interpreted in terms of this model. The inferences from these
studies should provide plausible guidelines for the mechanistic
interpretation of chemical property mathematical models built
with the GT-STAF indices, as well as for the modification or
design of chemical structures with atoms/fragments that pro-
vide the desired contributions to global molecular properties.
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