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Abstract

QSAR studies on a series of benzopyrans as potassium channel activators have been carried out using a large set of distance-based topological
indices. In addition, the molecular descriptors namely: negentropy and molecular redundancy indices have also been used. The relaxant potency
in rat trachea, expressed as pECsy, was used for biological characterization of the benzopyrans. The results have shown that pECso can be
modeled excellently in multiparametric model in that we have to include an indicator parameter. The predictive powers of the proposed models

are discussed on the bases of cross-validation parameters.
© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Three families of potassium ion channels have been de-
scribed to date [1]. Compounds interacting with these families
of proteins may control various diseases, and research was re-
ported for the synthesis of compounds which can activate or
block Katp-dependent potassium channels [1]. Recently, much
interest have been shown towards the K (potassium) channel
activators (KCA) which have been found to be smooth muscle
relaxants with their main utility in hypertension and broncho-
dilators [1].

In their paper Mannhold et al. [1] reported the synthesis,
vasodilator properties and multivariate analysis of 6-substituted
benzopyrans as KCAs. Initially they started with 34 com-
pounds and in the end deleted two compounds from regression
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procedure as outliers (Fig. 1 and Table 1). Their regression
analysis explained the variance in biological activity to 82%
in the tracheal test system. They observed that low values of
substituent size are favorable for high potency. However, they
have not used topological indices in their analysis, have not
mentioned statistical models along with their quality and also
have not attempted estimation of predictive power of the pro-
posed models.

Our earlier reports [2—11] indicated that the distance-based
topological indices can be successfully used in such studies as
mentioned above. Topological based studies gave better results
than those in which indices other than topological indices are
used for characterizing the biological activity.

We report in the present study a large set of molecular de-
scriptors along with topological indices used to model pECsg
of the benzopyran K-channel activators reported in [1] (Fig. 1
and Tables 1 and 2). It is interesting to mention that in the
Mannhold et al.’s paper [1], from which the data have been
taken, the activity is recorded in two systems: aortic and tra-
cheal. The former system showed much more dependence on
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Fig. 1. Benzopyrans KCAs used in the present study.

the size of the substituents. The topological indices chosen in
the present study will be much more useful for modeling aortic
system. Consequently, the present study deals with the same.

2. Results and discussion

The initial regression analysis has shown that compounds 1,
6, 9, 16, 29 and 32 are outliers. Therefore, they are deleted
from the process of regression. Thus, our methodology relates
in 28 compounds only. At present we can’t offer convincing
proof for the deletion of six compounds. Maybe it is due to the
ultimate result of regression and/or they have different type of
mechanism than the remaining 28 compounds. It is worthy to
mention that our set of compounds include compounds 13, 34
and 35 which otherwise were deleted by Mannhold et al. [1]
from their regression analysis.

The biological activity (pECs,) of the present set of 34 com-
pounds along with the indicator parameters used is given in
Table 1. The data show that the biological activity (pECs)
ranges between 4.63 and 7.84 and that little degeneracy is ob-
served in the activity.

A perusal of Table 1 shows that pECsq activity follow the
following sequence in increasing order of pECs.

29>33>30>34>3>19>11>15>18>17>13
>14>31>9>4>5>2>7>32
>10>12>6>16>21>27>20
>1>25>24=26>28>22>23

This shows that fluorosulfonyloxy substitution at R has
highest effect on the exhibition of pECs, while the substitution
of 4-fluorophenacyloxy has most retarding effect. The above
sequence (Eq. (1)), however, does not show any correlation
between structure and activity.

Consequent to above, we have attempted regression analysis
using the data recorded in Tables 1 and 2 shows that degen-
eracy (high to low) is present in these topological indices as
they belong to first- and second-generation topological indices
[11]. Balaban has shown that such indices in spite of their de-
generacy can be used successful in QSPR/QSAR studies. This
is the case in the present study also.

In order to arrive at the most significant model we have
used maximum R* method [12]. The results have shown that

Table 1

Compounds used in the present study, their pECsq and indicator values
Compound Compound ECsy Iy
No

1° H 5.43 0
2 Methoxy 6.55 1
3 Acetyl 737 0
4 Propionyl 6.63 0
5 Benzoyl 6.61 0
6" 4-Methoxybenzoyl 6.15 0
7 2-Thienoyl 6.40 0
8 2-Furoyl 6.49 0
9* 4-Hydroxybenzoyl 6.65 0
10 4-Nitrobenzoyl 6.20 0
11 2-Fluorobenzoyl 7.08 0
12 2-Nitrobenzoyl 6.17 0
13 2-Methylbenzoyl 6.83 0
14 2-(Trifluoromethyl)benzoyl 6.76 0
15 2,6-Difluorobenzoyl 6.97 0
16° Aminohydroxyiminomethyl 5.99 0
17 Formyl 6.91 0
18 2,2-Dicyanoethenyl 6.95 0
19 2,5-Dimethyl-1-pyrrolyl 7.27 0
20 Hydroxy 5.44 1
21 Acetoxy 5.60 1
22 Phenacyloxy 5.05 1
23 4-Fluorophenacyloxy 4.63 1
24 Phenylcarbamoyloxy 5.30 1
25 2-Fluorophenylcarbamoyloxy 5.38 1
26 4-Fluorophenylcarbamoyloxy 5.30 1
27 2-(Trifluoromethyl) phenylcarbamoyloxy 5.58 1
28 4-(Trifluoromethyl) phenylcarbamoyloxy 5.10 1
29¢ Fluorosulfonyloxy 7.95 1
30 Cyno 7.67 0
31 4-Pyridyl 6.68 0
327 Thiocarboxamid 6.21 0
33 Bromo 7.84 0
34 Trifluoromethyl 7.61 0

Ip; =1, when oxy group is present otherwise 0.

Balaban index [13] (J) is the promising index for this purpose.
At this stage it is worthy to mention that compared to Wiener
[14] (W) and Randic connectivity indices (Kier and Hall [15]),
little attention is paid for the use of Balaban index [13] (J) in
QSPR/QSAR studies. Same is the case with the molecular re-
dundancy index MRI [16].

The perusal of Table 3 shows that except for MRI [16] all
other topological indices are linearly correlated with each
other. They are, therefore, autocorrelated. This means any com-
bination of these indices in regression procedure may result
into the defect due to co-linearity. However, such cases are
well dealt with Randic [17] and we will follow his recommen-
dation in those cases when auto correlated indices are involved
in the model.

The data presented in Table 3 also show that W [14], Sz
[18,19] and logRB [20] indices are best suited for monopara-
metric regression. The initial regression analysis indicated that
the model containing J though of the low statistics, is better
than the other models. Therefore, our methodology is centered
on the use of J and related multiparametric models. As stated
earlier another reason in favor of J is that very little attention is
paid to this most discriminating index (Tables 4-6).
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Table 2

Values of topological indices calculated for compounds used in the present study

Compound No N w [1]x MRI J Sz logRB

1 38.8512 838 9.9991 0.3527 1.7975 1558 258.9346
2 40.8720 955 10.3719 0.3412 1.8019 1748 292.3170
3 46.3974 1094 10.9099 0.3194 1.7882 1960 330.1472
4 41.6300 1756 12.9443 0.4557 1.4864 3130 502.2575
5 419164 1564 12.4442 0.4032 1.5018 2696 454.0554
6 419164 1564 12.4442 0.4032 1.5018 2696 454.0554
7 48.9072 2462 14.2488 0.3939 1.4030 4271 667.1037
8 44.6936 1930 13.3549 0.4156 1.4966 3407 548.5343
9 48.3168 2336 14.2656 0.4012 1.5016 4019 652.1990
10 45.6729 1930 13.3549 0.4484 1.4966 3407 548.5342
11 49.5880 2542 14.5663 0.4012 1.5126 4328 705.0710
12 46.4784 2108 13.7656 0.3923 1.5115 3690 596.1970
13 36.2916 838 9.9991 0.3522 1.7975 1558 258.8346
14 42.5480 1438 11.9301 0.3360 1.7272 2450 417.9004
15 47.4230 1668 12.3929 0.3965 1.6697 2753 470.3089
16 34.9055 838 9.9991 0.3540 1.7975 1558 258.9346
17 42.9160 1112 10.8549 0.3302 1.7610 1978 333.0909
18 51.7300 2186 13.8381 0.3910 1.4566 3784 607.6320
19 54.7200 2393 14.2319 0.3558 1.4638 4122 660.3986
20 48.5688 2494 14.3381 0.4135 1.4010 4114 672.6647
21 51.6264 2720 14.7488 0.3766 1.4068 4446 728.0526
22 51.6264 2768 14.7319 0.3766 1.3853 4542 733.6471
23 59.0672 3497 15.9601 0.4224 1.4178 5541 912.1655
24 59.0672 3689 15.9433 0.4224 1.3492 5925 932.5504
25 27.7060 838 9.9991 0.4873 1.7975 1558 258.9346
26 38.4506 1396 12.0336 0.4525 1.5082 2606 409.9767
27 32.3340 723 9.4611 0.3789 1.8073 1370 226.2454
28 36.8483 1074 10.6724 0.3649 1.8178 1940 326.3927

The monoparametric regression containing J yielded the fol-
lowing regression expression (model):

PECy= 3.1471(+0.8480)J+ 1.3840 )
n=28, SE.=07267, R=-05918, F=14011,
0=0.8143.

Here and hereafter n is the number of compounds used, S.E.
is the standard error of estimation, R is the multiple correlation
coefficient, F'is the F-ratio, Q is the quality factor [21,22]. This
quality factor is defined as the ratio of correlation coefficient to
the standard error of estimation, O = R/S.E.

In the above model (Eq. (2)) the J involved is a highly dis-
criminating distance-based topological index, whose value do
not substantially increase with the molecular size and the num-
ber of rings present The positive sign of its coefficient indicates
its favorable contribution for modeling pECsy.

In several biparametric regressions attempted we observed
that the biparametric regression containing J and the indicator
parameter /p; gave better results. This model is found as be-
low:

PECs,= 2.0694(+0.4385)J+ 1.3247(+0.1495)IP,+ 3.5646 (3)

n=28, S.E.=0.3641, R=0.9182, F=67.167, Q0 =2.5218.

Here, the positive coefficient of J has the same influence for
the exhibition of pECs, as mentioned above. The negative
coefficient of Ip; indicates that ‘Oxy’ substitution at R has re-
tarding effect on the exhibition of pECs.

The step-wise regression resulted into several triparametric
models out of which the model containing J, MRI and Ip; was
found to be the best. This model is as follows:

PECs= 2.7548(£0.4761)J+ 4.9137(+1.8983)MRI

“4)
— 1.1747(+0.1468)Ip1+ 0.5055

n=28, S.E.=0.3286, R=10.9367, F=57.220, O =2.8505.

Here, the contributions of J and Ip; are same as discussed
earlier. In addition, positive coefficient of MRI indicates that
pECs is favored by the information content.

Looking to the sample size (28 compounds) we have also
can finally go for tetraparametric analysis. Out of the several
tetraparametric models, the model containing J, MRI, W and
Ip,; was found to be the best. This model is found as under:

pECso= 3.7015(0.9099).J+ 5.2400(+1.8987)MRI
4 2.184 0 x104(£1.795 5x10~H)W ®)
— 1.2294(£0.1522)1,; — 1.4982

n=28, S.E.=0.3254, R=10.9406, F = 44.143, O =2.8905.
At this stage it is interesting to record that in both the mod-
els (Egs. (4) and (5)) MRI term is involved. Its high positive
coefficient value in these models indicates its dominating role
in the exhibition of pECsq. This molecular descriptor MRI is an
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Table 3
Correlation matrix for the inter-correlation of structural descriptors and their correlation with the activity
PECso N w Uy MRI J Sz log(RB) Ip,
pECso 1.0000 —0.6841 -0.6183 —0.5947 0.1203 0.5918 -0.6132 -0.6103 —0.8387
N 1.0000 0.9069 0.8973 -0.0138 —0.7624 0.9022 0.9085 0.4670
w 1.0000 0.9791 0.3042 —0.8868 0.9974 0.9984 0.4087
y 1.0000 0.3368 —0.9346 0.9864 0.9882 0.3218
MRI 1.0000 —0.4655 0.3222 0.3102 -0.2067
J 1.0000 -0.9044 —0.8981 -0.2773
Sz 1.0000 0.9986 0.3830
log(RB) 1.0000 0.3849
Ip; 1.0000
Table 4
Regression parameters and quality of the proposed models
Compound  Parameter  Ai® (B) [1:3) R) (S.E.) F-Ratio O=R/S. Probability
number used 1=1,2,3,4 E.
1 J 3.1471(+ 0.8408) 1.3840 -0.3502 —0.5918 -0.7267 14.011 0.8143 9.102x 107*
2 J 2.0694(+ 0.4385) 3.5646 —0.8431 -0.9182 -0.3641 67.167 2.5218 8.819 x 107"
Ip; ~1.3247(+ 0.1495)
3 MRI 4.9137( 1.8983) 0.5055 —-0.8773  -0.9367  -0.3286  57.220 2.8505 4407 x 107"
J 2.7548(+ 0.4761)
Ip —1.1747(+ 0.1468)
4 w 2.1840 x 1074(&1.7955 x 107%) ~1.4982  -0.8848  —0.9406  -0.3254  44.143 2.8905 1.807 x 1071°
MRI 5.2400(+ 1.8987)
J 3.7015(% 0.9099)
Ip, —1.2294(x 0.1522)
@ Aj stands for the coefficient of I™ term.
Table 5 PRESS is an important cross-validation parameter. Its value
Various correlation models and their qualities smaller than SSY indicates that the proposed models are sig-
Model Regression expression nificant and they predict better than chance.
number Furthermore, the ratio PRESS/SSY is found smaller than
; pESSO :;A(I)g(li((fg;;i(;iy I“ 312'154(‘20 1495)0p,; +3.5646 0.4 indicating that the proposed models are reasonable QSAR
pELse = 2. g -1 . P1 . . T
3 PECso = 4.9137(- 1.8983)MRI + 2.7548(+ 0.4761)J — 11747 models. The ratio of PRESS/SSY srpaller than 0.1 indicates an
(+0.1468)Ip; + 0.5055 excellent model. In our case this ratio ranges between 0.13 and
4 PECso =2.1840 x 107%(x 1.7955 x 107 + 5.2400 0.19. Thus we can safely say that these models are excellent.
(+ 1.8987)MRI + 3.7015(= 0.9099)J — 1.2294(x 0.1522)Ip; — The parameter ¢y is cross-validated predictive correlation
1.4982

information theoretic index. The results, therefore, show that
the information content of the benzopyrans used has a domi-
nating effect on the exhibition of pECsy. The Wiener index ()
on the other hand accounts for the effect due to shape, size and
branching. Its positive coefficient in expressed by equation (5)
favors the recommendation of Mannhold et al. [1] that low
values for substituent size is favorable for high potency.

In the aforementioned models we observed that the quality
factor Q goes on increasing as we pass from the mono- to tet-
raparametric models. This means that the quality of regression
and the predictive power of the model run parallel to each
other. However, the use of Q factor is criticized recently [23],
therefore, we attempted cross-validation method [24,25] for
discussing predictive power of the proposed models. The var-
ious cross-validated parameters calculated for the proposed
models are given in Table 7. The meaning of PRESS, SSY,
v, Spress and PSE is given as a footnote in Table 7.

coefficient. The values for our models favor this finding.

The other important cross-validated parameters are Sprgss
and PSE i.e. uncertainty of prediction and predictive square
error. Unfortunately, Sprgss 1S of no use in the present case
as it is found to be the same as that of S.E. Under such circum-
stances one has to make use of PSE, the smallest value of
which indicates highest predictive power of the model. Hence,
the tetraparametric model possesses highest statistical quality
as well as highest predictive power.

In support of our findings, we have estimated pECs, using tri-
and tetraparametric models [Eqgs. (4) and (5)) and obtained graphs
between observed and estimated pECs, (Figs. 2 and 3). The pre-
dictive correlation coefficient (Rzpred) for these models are found
to be 0.8773 and 0.8848, respectively, which are in favor of tetra-
parametric model; thus confirming our earlier results.

3. Conclusion

From the results and discussion made above we conclude
that combination of distance-based topological indices with in-
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Table 6
Comparison of estimated biological activity (pECso) with their observed values

Estimated pECs, using

Compound  Observed Model-3 Residue Model-4  Residue
number PECso
1 6.550 6.016 0.534 5.957 0.593
2 7.370 7.146 0.224 7.168 0.202
3 6.630 7.001 —0.371 7.033 —0.403
4 6.610 6.839 -0.229 6.775 -0.165
5 6.400 6.624 -0.224 6.515 —0.115
6 6.490 6.624 -0.134 6.515 -0.025
7 6.200 6.306 —0.106 6.297 —-0.097
8 7.080 6.670 0.410 6.641 0.439
9 6.170 6.613 —0.443 6.672 —-0.502
10 6.830 6.832 —-0.002 6.813 0.017
11 6.760 6.644 0.116 6.758 0.002
12 6.970 6.597 0.373 6.613 0.357
13 6.910 7.188 -0.278 7.184 -0.274
14 6.950 6.915 0.035 6.970 —0.020
15 7.270 7.053 0.217 7.124 0.146
16 5.440 6.022 —0.582 5.964 -0.524
17 5.600 5.805 —-0.205 5.764 —0.164
18 5.050 5.265 -0.215 5.190 -0.140
19 4.630 5.112 —0.482 5.078 —0.448
20 5.300 5.222 0.078 5.170 0.130
21 5.380 5.057 0.323 5.047 0.333
22 5.300 4.998 0.302 4.978 0.322
23 5.580 5.312 0.268 5.497 0.083
24 5.100 5.123 —-0.023 5.285 —0.185
25 7.670 7.852 —0.182 7.892 -0.222
26 6.680 6.884 —0.204 6.760 —0.080
27 7.840 7.346 0.494 7.335 0.505
28 7.610 7.306 0.304 7.371 0.233
Table 7
Cross-validation parameters for the proposed models
Model  Parame- PRE- SSY PRESS/ R%v Spres-  PSE
(Eq.) ters SS SSY s
used
2.(3) J, Ip 3.314- 17.8120 0.1861  0.813- 0.364- 0.3440
9 9 2
3.(4) J, MRI, 2.588- 18.5380 0.1397  0.860- 0.328- 0.3040
Ip, 8 4 4
4. (5 w, 2.434- 18.6921 0.1303  0.869- 0.325- 0.2949
MRL J, 8 7 4
Ip:

formation theoretic indices are more fruitful in QSAR studies.
Also, that less attended J is found more useful than the other
distance based topological indices used. In addition our results
show that this less attended J index gives even better results
than the most widely used W and 1, indices.

4. Experimental
4.1. Biological activity (pECsg)

The biological activities for the set of compounds used in
the present study are adopted from the literature [1].

4.2. Topological indices

All the topological indices were calculated using hydrogen
suppressed graph of the compounds used. Such molecular
graphs are obtained by deleting all the hydrogen atoms present
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in the structure. Below we give only the final expressions for
their calculations.

4.3. Wiener index (W)

The Wiener index (W) is a widely used topological index
[14]. It is based on the vertex-distances of the respective mo-
lecular graph.

A molecular graph can be denoted by G and as having v,
V2, V3,...,V, as its vertices. Let d (v;,v|G) stands for the shortest
distance between the vertices v; and v;. Then the Wiener index
is defined as:

7

N

W=w(G) =1/2 d(vi,vj|G). (6)

1

Tt

1

J

4.4. Szeged index (Sz)

Let e be an edge of the molecular graph G. Let n,(e|G) be
the number of vertices of G lying closer to one end of e; let
n,(e|G) be the number of vertices of G lying closer to the other
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end of e. Then the Szeged index (Sz) is defined [18,19] as:
Sz =Sz(G) = Y en;(e|G)ny(e|G) @)

with the summation going over all the edges of G.

In cyclic graphs, there are edges equidistant from both the
ends of edge e; by definition of Sz such edges are not taken
into account.

4.5. First-order connectivity index ('y)

The connectivity index 'y = '4(G) of a graph G is defined
by Randic (Kier and Hall [15]) as under:

Y ="2(G) = ¥ ] ®)

ij
where J; and 6; are the valences of vertices i and j, equal to the
number of bonds connected to the atoms i and j, in G.

In the case of hetero-systems the connectivity is given in
terms of valence delta values J;" and J," of atoms 7 and j and is
denoted by 1,". This version of the connectivity index is called
the valence connectivity index and is defined [15] as under:

-1/2
Y ="01G) =2 16791 ©9)

:
where the sum is taken over all bonds i—j of the molecule.
Valence delta values are given by the following expression:

Z' - H,
T 10

Y Zi—Zi—-1 (10)
where Z; is the atomic number of atom i, Z;" is the number of
valence electron of the atom 7 and H; is the number of hydro-
gen atoms attached to atom i.

4.6. Balaban index (J)

The Balaban index, J (the average distance sum connectiv-
ity index) is defined [13] by:

M _
Nt an

I=J(G)
where M is the number of bonds in a graph G, u is the cyclo-
matic number of G and d;’s(i=1, 2, 3,...,N) are the distance
sums (distance degrees) of atoms in G such that

N

;=Y (D), (12)

=1

The cyclomatic number x of G indicates the number of in-
dependent cycles in G and is equal to the minimum number of
cuts (removal of bonds) necessary to convert a polycyclic
structure into an acyclic structure:

w=M - N+ L. (13)

One way to compute J for a hetero-system is to modify the
elements of the distance matrix for hetero-system as follows:

(i) The diagonal elements:
(D)g/ =1-(2./Z;) (14)

where Z. = 6 and Z; = atomic number of the given element.
(i1) The off-diagonal elements:

di= Y IR, (15)

where the summation is over all bonds. The bond parameter £,
is given by:

k=1/b.(Z.>/Z:Z;) (16)

where b, is the bond weight with values: 1 for single bond, 2
for double bond, 1.5 for aromatic bond and 3 for triple bond.

4.7. logRB

The logRB has been calculated by the method as described
in literature [20].

4.8. Molecular negentropy (N)

The method of calculation of molecular negentropy is the
same as described by Kier [16]. First, the negentropy per atom
i, is computed for the drug molecule using Shannon’s formula
[16]:

i=— K ) jPjlogP; (17)

where K is constant depending on the logarithmic base, j is the
set, and P; is the complete array of probabilities.

Multiplying i with the total number of vertices (atoms), n,
gives the molecular negentropy (N):

N =in. (18)

4.9. Molecular redundancy index (MRI)

A message or information in the form of electron probabil-
ity fields distributed around in space in a frame work of atomic
radii has lead to introduction of molecular descriptor referred to
as molecular redundancy index [16] (MRI), derived from in-
formation theory and molecular graph theory [20]. MRI is a
molecular symmetry descriptor and indicates the capacity and
symmetry of a molecule and can be computed as:

B > n;logn;

MRI
NlogN

(19)

where 7 is the number of atoms of the same kind in the /™ atom
set, i is the number of different atoms sets and N = Xn; is the
total number of atoms in the molecule.

Eq. (19) shows that calculation of MRI leads to quantifica-
tion of the information content. It encodes the salient steric
properties of the molecules in cases where biological activity
is non-specific. It ranks them correctly according to non-speci-
fic biological potency and thus, provides mechanistic interpre-
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tation of drugs at molecular level based on probability consid-
eration.

4.10. Regression analysis

Maximum R’ improvement method was used to identify
prediction models [12]. This method finds the “best” one vari-
able model, the “best” two variable models and so forth for the
prediction of property/activity. Several models (combinations
of variables) were examined to identify combinations of vari-
ables with good prediction capabilities. In all regression mod-
els developed a variety of statistics associated with residues, i.
e. the Wilks—Shapiro test for normality and Cook’s D-statistics
for outliers, to obtain the most reliable results were examined.

Multiple regression analyses for correlating activity of the
present set of compounds with the aforementioned molecular
descriptors were carried out using Regress-1 software as sup-
plied by Professor 1. Lukovits, Hungarian Academy of
Sciences, Budapest, Hungary.
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