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Definition of a novel atomic index for QSAR: the refractotopological state.
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ABSTRACT. Purpose. In this work, a novel descrip-
tor of atoms in molecules is introduced. The Refracto-
topological State Index for atoms (R-state,R ), rectifies
the atomic refractivity values reported by Crippen et al
with the atomic refractivity values of the topological
environment of each skeletal atom in the molecule.
Method. The R-state (R;), for atom i is an hybrid
index that is defined as the intrinsic refractivity value
of the atom i (AR)) plus a perturbation term AAR; in
the non-hydrogen depleted graph. Results. The varia-
tions of the R
showed. QSAR examples previously reported by other
authors are given for benzimidazole inhibition of Lee
strain flu virus and receptor binding affinity of B-car-
bolines. Conclusions. The index does not only
describe the representation of the atomic dispersive
forces related to the molar refractivity but also the
influence of bounded and unbounded atoms as a mea-

values in different molecules are

sure of the distance-effect of the other groups in the
molecule. The R-state index has proved a good perfor-
mance, either alone or combined with the electro topo-
logical (E)-state index. This implies that in those cases
this representation of dispersive forces between the
molecule and the active site is a valid approach to the
biological problem.

INTRODUCTION

The final objective of any quantitative chemical struc-
ture-biological activity relationship (QSAR) is to por-
tray the receptor by the structural, physicochemical
and biological properties of the ligand. It is common
knowledge that the relationship between the binding
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energy of the ligand (related to the molecular forces
involved in binding) with different physicochemical
properties for different parts of the ligand can be estab-
lish. Therefore, the identification of the appropriate
physicochemical property for each molecular force is
an important task.

On the other hand, a central concept in chemistry
states that the properties of a molecule are intimately
related to its molecular structure. The molecular skele-
ton is frequently used to obtain information about the
number and kinds of atoms and the connections
between them. The pattern of these connections
within the skeleton is what actually determines the
three-dimensional architecture of any molecule. To
establish a QSAR model it is necessary not only to
completely define the molecular structure, but also the
influences governing measured values of the physical
properties or biological activities. The electronic fea-
tures of the molecules are portrayed by molecular
orbital calculations and the descriptors include the net
charge on the atoms, the energy of frontier orbitals,
maps of electrostatic potentials, etc. The second feature
of the chemical structure’s influences is broadly
described by a great number of numerical indices asso-
ciated to the skeleton itself of a compound as a whole,
or to a fragment of it. Most of these indices are based
on chemical graph theory (1).

An index that includes both of these features of struc-
tural attributions intrinsic to a molecule is the electro-
topological state index for atoms in a molecule (2-4).
This index recognizes that every atom in a molecule is
unique, and this uniqueness arises from differences in
the electronic and topological environment of each
atom (4). This descriptor is formulated as an intrinsic
value I; plus a perturbation given by the electronic
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influence of the topological environment of the mole-
cule.

One of the most important chemico-physical proper-
ties used in QSAR studies is the molar refractivity
(MR). It has been shown to be related to lipophilicity,
molar volume and steric bulk (5). The importance of
splitting the MR into its atomic components for
QSAR studies oriented to three-dimensional molecules
was demonstrated by Crippen et al (6-7). A method for
the estimation of molar refractivity, based on the
assignment of 22 atomic contributions obtained by
classification of each atomic fragment according to the
number and nature of the connected atoms to it, was
developed by those authors (8-9). The reported correla-
tion coefficient between observed and predicted values
of the property using this method is greater than 0.999,
with standard deviations values of 0.774(8). This
method has been widely used for MR estimation and
QSAR studies. However, the atomic contributions to
MR are not suitable as one-atom descriptors for QSAR
studies since they do not change when the chemical
environment is changed, for example if a substitution
occurs.

Recently, a molecular index based on a combination of
these same values of atomic refractivity was defined.
(10) The capability of this index to afford good results
in QSAR studies was demonstrated. In this paper, we
propose a Refractotopological State (R-state,R)
descriptor of atoms in molecules. This index corrects
the atomic refractivity values reported by Crippen et al
using the atomic refractivity values of the topological
environment of each skeletal atom in the molecule as
in the Electrotopological State index defined by Kier
and Hall (2-4). The applicability of this index in QSAR
studies is also demonstrated.

IMOLAR REFRACTIVITY AND POLARIZABILITY
Molar refractivity

The molar refractivity is a constitutive-additive prop-

erty that is calculated by the Lorenz-Lorentz formula
(eq. 1):
2
Mr =L A
n"+2 p

where M is the molecular weight, n the refraction
index and p the density, which, at a given tempera-

ture, depends only on the wavelength of the light used
to measure the refraction index. For a radiation of infi-
nite wavelength, the molar refractivity represents the
real volume of the molecules contained in one mole of
the substance.

Polarizability of the molecules.

The electrons and nuclei of molecule are mobile to a
limited degree. For that reason, when a polar or non-
polar molecule is placed in an electric field a small dis-
placement of the charge will take place. As a result, a
dipole would be introduced in the molecule, in addi-
tion to the permanent one that may exist.

The molar polarization is given by:
D -1 . M

P

S D+2

where P is the molar polarization, induced polarization
or polarization of distortion and D is the dielectric
constant of the environment. As D is an abstracted
number, P represents a molar volume. This equation,
called Mosotti-Clausius equation is only an approxima-
tion. In 1831, Maxwell related the dielectric constant
with the refraction index measured at long wavelength:

D=nl

and equation 2 becomes:
n2-1 M

0

n2+2 p

where the right term of the equation [4] is the molar
refractivity measured at long wavelengths and the mag-
nitude is the average polarizability of a non-polar mol-
ecule in an electric field.

Therefore, the value of n. cannot be obtained by
extrapolation to infinite wavelengths starting from the
refraction indexes measured with visible light, because
this radiation can only displace electrons, while the
positively loaded nuclei remain without changes. In
fact, if 7 is the refraction index measure using visible
light, then:

n® -1

n®+2

M
.

P

P

E

where Py is the electronic polarization. This is similar
to the molar refractivity measure using visible light
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and represents the part of the total induced polariza-
tion P caused by the distortion or deformation of the
molecule electronic cloud. This deformation originates
from the presence of instantaneous dipoles of an
approaching ligand. That is why the molar refractivity
is related not only to the volume of the molecules, but
also to the London dispersive forces that, for instance,
play a key role in the drug-receptor interaction.

The atomic contribution to molar refractivity calcu-
lated by the Ghose and Crippen method.

In order to model the dispersive interactions, Ghose
and Crippen defined 110 atom types, (6-8) representing
most commonly occurring atomic states of carbon,
hydrogen, oxygen, nitrogen, halogens, and sulphur in
organic molecules. They stated that this classification
partially differentiates the polarizing effects of heteroa-
toms and the effect of overlapping with non-hydrogen
atoms, although they accepted that this classification
might be weak in differentiating the conjugation
effects. In the explanation of their method of calcula-
tion, the authors said that the classification may not
completely cover all organic molecules, and that the
addition of atom types is possible. Further on, the 110
atom types were reduced to 22. The evaluation of the
individual atomic value is based on the idea that the
sum of the atomic values (0;) being related to the
molecular value of the molar refractivity:

MR, = z n,4a;

The Electrotopological State Index (E-State)

The electrotopological state index (E-state) is devel-
oped from chemical graph theory and uses the chemi-
graph  (hydrogen-suppressed skeleton) for
generation of atom-level structure indices. The index is
based on the electronic effect of each atom on the
other atoms in the molecule as modified by molecular
topology (2-4). Each atom has an assigned intrinsic

state value /; calculated as follows:
I,=[Q2INY5" +1]/8

cal

where N is the principal quantum number of the atom
1, 0" the number or valence electrons in the skeleton
(Z' -h), and 0 the number of o electrons in the skele-
ton (oh). For a skeleton atom, Z' is the number of
valence electrons, ¢ the number of electrons in ©
orbitals, and h the number of bounded hydrogen
atoms. The E-state S (A)) for the atom is the modified

intrinsic value:

S(A4,) =1, + Al

where Al; quantifies the perturbing effect on the
intrinsic atom value. This perturbation is assumed to
be a function of the difference in the intrinsic values I;
and I;:

N
AL=Y (I, ~I)Ir}
=

where 7, is the number of atoms in the shortest path
between atoms 7 and j including both 7 and ;. The dif-
ference in intrinsic values, A, for a pair of skeletal
atoms encodes both electronic and topological
attributes that arise from electronegativity differences
and skeletal connectivity. Derived from this electrone-
gativity difference, the E-state value for an atom is
related but not limited to the concept of atomic partial

charge.

The Refractotopological State Index (R-State).

The refractotopological state index R-state is developed
from the chemical graph theory and the partition of
the molar refractivity defined by Ghose and Crippen.
The index is based on the influence of dispersive forces
of each atom on the other atoms in the molecule, mod-
ified by molecular topology.

R ; Definition

The R-state (R ;), for atom 1 is defined as follows,
R, = AR, + AAR,

where AR; is the intrinsic refractivity value of the
atom 7, and AAR; is a perturbation term defined by:

N
AAR,; =Y (AR, - AR DI,

i=1

where the sum is all over j adjacent vertices in the
graph, AR;and AR; are the intrinsic refractivity values
of the atoms i and j respectively, and r;? is the number
of atoms in the shortest path between atoms 7 and j
including both 7 and j that’s to say, the distance
between atoms counted as the graph distance (d;) plus
one (2-4). As in the E-state, this quadratic topological
distance, indicates that there must be a decrease in the
interaction effect with the separation distance between
atoms. Atomic refractivity values (7) used in the analy-
sis is shown in table 1. The intrinsic values of the
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refractivity for each one of the heavy atoms include
the atomic refractivity value of the hydrogen atoms
bonded to them.

Table 1: Atomic refractivity values used in the analysis.

Atom Type Atomic Atom Type Atomic
Refractivity Refractivty
Csp, 238158 N (&) 27662
Cspy 38278 NO, 3.5054
Csp 33974 Ar-N=X 33095
C (A 3.5000 F 1.0632
Cc=x 30887 Ci 56105
H 09155 Br 86782
-0. 16351 I 138741
=0 17956 Ssp, 73190
O=N 2.1407 Sspy 9.1680
Nspy 3.0100 R-50-R 6.0762
Nsp,, Nsp 32009 R-530,-R 53321
Method of calculation.

In all cases R ; index calculation involves three steps:
(a) molecular structure generation, (b) classification of
the atom types according to the 22 reported types
(table 1) and (c) R ; index calculation. The RIGA pro-
gram (10) and software developed in the author’s labo-
ratories were used to perform the (a), (b) and (c) steps,
respectively. The STATISTICA v.4.0 software was
used in all the statistical analysis of the data (11).

To illustrate the calculation steps of the index the pro-
cedure is shown in table 2 for 2-chloro-2 butanol.

Note that the sum of the R-state index of all the atoms
(A)) in the molecule is equal to the sum of the intrinsic
atomic contribution values (ZAR;), but the value
itself is rather dissimilar. Using this approach the
methyl groups 1 and 4 are marked as non equal as
expected since their environments are different and the
dispersive forces in the methyl group 4 should be
higher because of the number and nature of the groups
present in that part of the molecule. It is also relevant
the decrease of the value on the atom number 3, which
is buried in the skeleton and hence unable to have a
direct interaction with a hypothetical active site or
molecule from a dispersive-sterical point of view.

Table 2: Refractotopological state calculation for
chloro-2 butanol.

gu, é"s
lcu,/ .:\ﬁ
a
- 6
Intrinsic Values
AR(1)=AR (C5p3)+ 3 AR(H)=2 8158+ 2.7465=5 562 All)=62811
AR(2)=4.6468 A(2)=42999
AR(3)=2.8158 A()=07340
AR(&)=5.562 Ad)=6 6795
AR(5)=2.5506 A(5)=13886
AR(6)=5.6105 A(6)=6.7647
(AR, - AR,)/I. matnx
i 1 2 3 4 5 6 ZAAR; ZARValues A values
values (Cripper))  (ARAHAAR)
1 00000 02288 03051 00000 01882 -00030 07191 5.562 62811
2 -0228 00000 04578 -01017 02329 -01071 02531 46468 48999
3 -03051 .04578 00000 -06866 00663 -06987 -20818 22158 0.7340
4 00000 01017 06366 00000 03346 -00054 11175 5562 66795
5 01882 .02329 .00663 .03346 00000 .03400 .11620 25506 13886
6 00030 01071 06987 00054 03400 00000 1.1542 56105 6.7647

Totd 00000 267477 267477

EXAMPLES AND DISCUSSION

When compared to other topological methods, which
do not consider the influence of the hydrogen bonded
to the atoms, this index includes this influence on the
intrinsic values of the heavy atoms. According to the
nature of the studied phenomenon, this inclusion
reflects the total interaction volume of the group with
the protein ligand and it is important not only to the
intrinsic value of the direct bonded atom but also to
other groups present on the molecule.

Effect of the position. Buried atoms.

The index presents a large decrease on its value as the
atom changes from primary to quaternary as repre-
sented in figures 1 and 2, where a series of pentanes and
amines are presented along with the R-state values for
each skeletal atom.

5.12
6.25 .
4.36 4.36 2.38 5.9% 6.25
—— 0,07
5.95 4.44 . .
5.25 5.12 4.42 .25 6.25

Figure 1: Changes on the R-state values in pentane

isomers.
4.54 4.54 6.07

5.98 4.52 4.89 4.0 4.62 6.13 6.03 3.2 6.036.3 .62

|6.3

Figure 2: Changes on the R-state values in amines.
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Due to the nature of the dispersive forces, it is logical
that an atom will interact less with the protein ligand
as it becomes buried in the skeleton and hence a
smaller total interaction volume. Note that the amine
group R-state values reflect changes following small
variations on its position.

Figure 3 shows R-state values for alcohols. As the OH
group has an R-state intrinsic value lower than the
methyl group, its value is influenced accordingly.

6.31 6.58 6.58

4.55 5.11 272 oH < . 0.82
OH OH
607 478 1.54 631 5.2 152 658 g

Figure 3: Changes on the R-state values in alcohols.

Effect of the atom nature in aromatic compounds.

In figure 4 a series of halo-substituted toluenes is
shown. The effect of changing the halogen substituents
is reflected by the R-state values: the higher values cor-
respondent to the less electronegative groups.

-1.14 6.43 11.54 20.19
F Cl Br I
3.79 2.65 0.59
5.43 493 4.59 4.01
5.2 493 4.74 4.51
2.84 2.66 2.54 2.33
6.47 6.35 6.26 6.12

Figure 4: Changes on the R-state values in halogen
toluene derivatives.

Effect of the position isomers in aromatic compounds.

The R-state index is also able to portray the changes on
the relative position, as is shown on figure 5. These
changes affect not only the halogen atom but also the
different atoms in the molecule. For example, the
more buried C,, the less corresponding value of the

index.
20.19
0.59 3.98 2°'|3' 4.30
4.01 4.01 432 S 49 4.01
441 4.41 457 4.1 4.41 0'73
2.33 2.45 2.33 1 20.54
612 6.04 5.90

Figure 5: Changes on the R-state values in iodotoluene
isomers.

APPLICATION TO QSAR STUDIES
Receptor binding affinity of B-carbolines.

To test the capability of the index to describe interac-
tions in active sites, the receptor binding of a series of
B-carbolines was investigated (12). The affinities were
determined by the drug displacement of 50% of 3H-
flunitrazepam from synaptosomal rat membranes
(pICsp) and are given in Table 3.

Table 3: Reported data of the binding of b-carbolines to
the benzodiazepine receptor*.

R, R, R, R, R, R, plCp Cal Ree
CH, H H OH H H 0450 -0685 0235
CH, H H H H OCH, -1980 -1739 -0.191
CH, H H H H OH  -1000 -1747 -0153
H  CHOH H H H H 1501 2341 -0.750
H  COOCH, H H H H 2097 2135 -0.038
H COOCH, H H H H 2155 2090 0.065
H  COOCH, H H H H 1921 2045 -0.124
H  COOCH, o,H, H OCH,  OCH, 2400 1941 1450
H  COOCH, CH,OCH, OCHCH, H H 2950 2816 0143
H  COOCH, CH, 0-C,H, H H 2060 2547 0413
H COONHCH, H H H H 1780 071 -0.291
CH, H, E, H H OCH, -1813 -2906 0.093
CH; H, B, H H OH -2748 -2341 0.093
H COOCH, CH,OCH, H OCH,CH, H 2050 2815 0144
H H H H H H -1.000 -1432 0432
H H OOCH H H H  -1491 -0961 -0530

*The ring C is non-aromatic, only for compounds 12 and 13. ¢
The negative log of the IC5 value for binding. b Activity Value
computed fiom eq. 15. © Res= pICsy-Calc.

The 13 common ring atoms in all structures were cal-
culated and the corresponding R-state values obtained
were correlated with the biological activity using for-
ward stepwise regression analysis. The obtained model
was then compared with the previously reported by
Kier and Hall (3).

The best one-variable model obtained by using the R-
state value includes the atom 11 as independent vari-
able (r=0.86, s=1.16, F=40, n=16). This result is
worse than the reported with the use of E-state
(r=0.893, s=1.03, F=55, n=16). Nevertheless, the
inclusion of the R-state value of the atom 8 results in a
good model (r=0.977, s=0.50, F=138, n=16), better
than the two variable equation reported using E-state
(r=0.92, s=0.93, F=36, n=16). The three-variable
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model (Eq. 12) is also better than the equivalent previ-
ously reported (Eq. 13).
PIC , = —15.328 (+2.895) — 1.746 (£0.129)% , —
6.269 (+0.914)%, , — 0.525 (£0.158)% ,

r=098 F=167 5=0375 n=16
2 _ —
ri. =0.947 S, =052
PIC o = —58.070 (£11.484) + 0.934 (+£0.075) S, +
13.248 (£2.740) Sy + 3.426 (+0.888)S,,
r=10.965 F=54  5=0.644 n=16

where Sco, Sy and Sy are linear combinations of
several other variables (3). In Figure 1, it can be
observed the performance of the relative errors.

Our results indicate that the best distribution is
achieved through Eq. 12. Only in three cases were the
errors slightly higher with the use of R than with E-

STATE-

100.0

160.0

1.0

% error

OEq. 12
WEqg. 13

o ma ﬂ
- W .

- -

Compound

Figure 6: Relative errors for equations 12 and 13.

The results show that the R-state index allows for a
better prediction of the binding affinities than the E-
state index, therefore the dispersive forces play a pre-
dominant role in the specific interaction site between
the drugs and the benzodiazepine receptor, rather than
the electronic factor.

After the study, the atoms flagged, as the most relevant
are those numbered 3, 1o, and 7. Those positions
reflect the changes in activity along with the different
substitution patterns since they cover the B-carbolines
three-ring system.

According to the results, to enhance the activity it is
necessary to reduce the atom 3 R-state value and
increase atoms 1ot and 7 R-state values with adequate
substitutions that follows this objectives.

Inhibition of Lee strain flu virus by benzimidazoles.

Another example of the use of the R-state in QSAR
studies is the inhibition of Lee strain flu virus by benz-
imidazoles (13). This was studied after the computa-
tion of the R-state values for the seven common
skeletal atoms in the series (Table 4).

Table 4: Inhibition of Lee strain flu virus by
benzimidazoles.
7 1
[} H
R >2—R2
5 N
Y 3
Esp*  Eguation 14 Equation 15 Equation 16

Etror Error Eror
Subdituent  PE; Cald® Red Calc? Res Cald Redf

% ) )
H 214 234 -020 935 220 015 7.00 228 -0.14 654
Tmethgl 251 260 -0.00 359 255 004 150 255 -0.04 150
Samethyl- 272 257 015 551 257 015 551 256 0.16 583
5.6-dimethyl- 272 280 -0.08 294 285 -0.13 47% 233 -0.11 4.04
4 6-dimethyl- 282 203 -0.11 390 289 -0.07 245 290 -0.08 734
2 5.dimethyl- 289 182 0.07 242 283 006 208 282 0.07 247
45dimethyl- 296 2.93 0.03 101 281 015 5.07 234 0.12 405
2.56- 105 304 001 033 310 014 450 316 -0.01 36l
trimethyl-
245 390 3107 003 094 315 0.05 156 316 004 125
trimethyl-
S6diethyl- 339 127 012 354 337 002 059 332 0.07 206
ZpopylSe a6 373 003 361 351 009 250 357 0.03 0.83
methyl-
ASET 546 374 008 219 388 0.2 601 387 -0l 574
pentamethyl-
ahylds o 440 04 000 372 007 053 364 010 267
methyl-
Loyl 5on 495 0g 477 379 002 053 334 -0.07 186
methyl-
apropyl- 507 395 po7 053 355 022 584 36l 016 424
S-methyl-
Mean 3158 333 3131

¢ Experimental value for the inhibition constant. bValues
computed for inhibition from eq. 14 ‘res=pKi-calc. Walues
computed for inhibition from eq. 15 ‘res=pKi-calc. Talues
computed for inhibition from eq. 16 £res=pKi,y,- pKi,yc.

The regression equation and statistical parameters for
the correlation biological property-R-state values are
shown (Eq. 14).

PK =34.085 (+2.683) —0.100 (+0.035) R, — 8.042 (30.721) R, 5
F=0969 F =92 s5s=0137 n=15
ls =0910 § =0.152

where r, s and F represent the correlation coefficient,
standard deviation of regression, and Fisher ratio,
respectively. The high value of the cross-validation
regression coefficient (r?,,.), and the similarity of “s”
and S, tells us about the high stability of the model.
The variable R (, is the R-state of the atom numbered
as 2, and R, ; is the average of the R-state values of
the nitrogen atoms numbered 1 and 3. The best model
previously reported is the one obtained by Hall (4),
which includes the E-state values of the atom 2, and the
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average E-state values of the nitrogens 1 and 3 (eq. 15).
pK = —15.995 (+2.044) + 4.267 (+0.436) S, +
0.786 (£0.193) S,
¥y=0.95 F =63
Phe =085 S

press press

§=0.162
=0.190

n=15

In this case, the R-state values afford a better model
than the E-state values with the same variables. That is
explained by the best values of each statistical parame-
ter in the eq. 14 as compared with eq. 15.This suggests
that the biological response of benzimidazoles against
flu virus involve not only electrostatic interactions
explained by E-state, but also local dispersive forces
represented by the R-state. On the other hand, we have
found that the combination of both descriptors results
in an even better model (eq. 16), as can be seen in the
higher values of 7, F, and 72,
ofsand §

press>
PE =20.903 (+£5.090) — 4.267 (+1.006) R, , +
1.216 (£0.350) S, ,
r=0.974 F =110

2 =0.923 S

press press

and in the lesser values
respectively.

5= 0.125
= 0.144

n=15

Therefore, it is possible to express the biological activ-
ity of these drugs as a combination of both electronic
and dispersive forces in the interaction. In this combi-
nation there must be a balance between the dispersive
value of the substituents to decrease the nitrogens 1
and 3 R-state values (negative coefficient) and the elec-
tronegativity of the substituents to increase the E-state
of the same atoms (positive coefficient), in order to
optimize the activity of the drugs under study. In a box
and whisker plot (Figure 2), is seen that with the com-
bined use of R and the E-state, it is possible to obtain a
better quality for the relative error.

Box & Whiahkcr Mot
0.075

0.065

0.055

= | ¢ ] =

0.045

0.035

0.025

0015

I +std. Dev.
[ +std. Err.
(=] Mean

0.005

Eq. 14
Figure 7: Box and whisker plot of the standard deviation,
the standard error and the mean of the errors in
equations 14, 15 and 16.

Eq. 15 Eq. 16

CONCLUSIONS

An index based on the correction of the atomic refrac-
tivity values, defined by Crippen et al with the atomic
refractivity values of the topological environment of
each skeletal atom in molecule, is proposed. The new
atomic descriptor R-state promises to be useful in
quantitative structure-activity relationships studies,
especially in those involving dispersive atomic interac-
tions with active sites. The index has a direct structural
interpretation since it expresses the atomic contribu-
tion of an important physico-chemical property (molar
refractivity) related to dispersive forces in biologically
active sites and also contains topological information
about the chemical structure of the atomic environ-
ment. In addition, the R-state index can be successtully
used in QSAR studies with the Electrotopological
State index that it is very simple to calculate since no
quantum chemical calculations are involved.
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