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Abstract A formal analysis of the relationships between electronic structure and inhibition of the Botulinum
neurotoxin serotype A by a series of derivatives possessing an 8-hydroxyquinoline core was carried out. The wave
functions were calculated at the B3LYP/6-31G(d,p) level after full geometry optimization. A statistically significant
equation relating five specific local atomic indices with inhibitory capacity was obtained. The variation of the
inhibitory ability seems to be orbital-controlled. From the analysis of the resulting equation, a partial inhibitory
pharmacophore was built, summarizing those atomic sites that could be substituted to obtain molecules with
enhanced inhibitory capability.
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Introduction

Biological warfare has a long history [1-4]. Among these warfare agents, botulinum toxins are the most lethal toxins
known, with an LDs, of 10-13 ng/kg when inhaled. Because botulinum toxin is so deadly and easy to produce and
weaponize, it represents a more than credible menace. The Japanese Empire military fed their war prisoners with C.
botulinum cultures in the 1930s and the Japanese sect Aum Shinrikyd (“Supreme Truth™) tried to release an airborne
form of botulinum toxin on three occasions during the early 1990s, but all of the attacks failed. Saddam Hussein was
in possession of about 19,000 L of concentrated botulinum toxin, enough to kill the whole human population three
times by inhalation. Botulinum toxins, anthrax and Ebola and influenza viruses are probably the choice weapons for
bioterrorism and for countries not interested in fabricating chemical or nuclear weapons because of satellite
surveillance. We note that Ebola viruses can be obtained directly in Africa and that, in the case of the 1918 flu
pandemic, the original virus can be easily isolated from the bodies of frozen victims.

There are seven types of botulinum toxins (named types A-G). Type A and B cause disease in humans. One of
them, botulinum neurotoxin serotype A (BoNT/A), is composed by a ~100 kDa heavy chain (HC) attached via a
single disulfide Cys-Cys bond to a ~50 kDa light chain (LC).Given this situation, all studies contributing to
understand the action of compounds inhibiting BoNT/A should be welcome. Several groups of molecules inhibiting
BoNT/A have been synthesized and tested [5-19]. In two earlier papers we studied the inhibition of the BoNT/A
light chain (BoNT/A LC) by some 1,7-bis-(amino alkyl)diazachrysene derivatives and also the inactivation rate
constant of the BONT/A LC by some 1,4-benzoquinone and 1,4-naphthoquinone derivatives [20-21]. In a third paper
we analyzed the inhibitory activity of a large group of 8-hydroxy-quinolines tested in the SNAPtide assay (this assay
allows the identification of BONT/A LC inhibitors) [22- 23]. This was complemented with a docking analysis of the
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R and S isomers. In that paper we concluded that “We can see that R and S isomers seem to dock to the binding site
in very different forms. Therefore, any experimental study of any biological activity of these compounds cannot be
done with the racemic mixture” [22].

Recently, a new experimental report, about the inhibition of BONT/A LC by some quinolinol derivatives, was
published [24]. Here we present the results of a density functional study of the relationships between the electronic
structure and the inhibitory capacity of these compounds.

Methods, Models and Calculations

The molecules studied here act as inhibitors of BoNT/A LC and have an 8-hydroxyquinoline core. They were
selected from a recent study [24]. Their general formula and biological activity are displayed, respectively, in Fig. 1
and Table 1.

Figure 1: General formula of the molecules analyzed here
Table 1: Molecules and their biological activity
Molecule R; R, R; R, Rs log(1Csp)

1 H H H H 2-pyridyl 0.18
2 H H F H 3-pyridyl 0.38
3 H CI H H 2-pyridyl 0.18
4 H H H H 3-pyridyl 0.79
5 H H H H 2-pyrimidyl 0.43
6 H H F H 2-pyridyl 0.08
7 H H F H 2-pyrimidyl 0.28
8 H H H F 2-pyridyl 0.61
9 H H H F 3-pyridyl 0.66
10 H H H F 2-pyrimidyl 0.23
11 H H F F 2-pyridyl 0.56
12 H H F F 3-pyridyl 0.64
13 H H F F 2-pyrimidyl 1.10
14 Me H H H 2-pyridyl -0.15
15 Me H H H 3-pyridyl 0.15
16 Me H H H 2-pyrimidyl 0.66
17 Me H F H 2-pyridyl 0.15
18 Me H F H 3-pyridyl -0.15
19 Me H F H 2-pyrimidyl 1.08
20 Me H H F 2-pyridyl 0.20
21 Me H H F 3-pyridyl -0.10
22 Me H H F 2-pyrimidyl 0.62
23 Me H F F 2-pyridyl 0.43
24 Me H F F  3-pyridyl 1.09
25 Me H F F  2-pyrimidyl 0.63
26 H CI H H 3-pyridyl 0.54
27 H CI H H 2-pyrimidyl 0.65
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28 H CI F H 2-pyridyl 0.15
29 H CI F H 3-pyridyl -0.15
30 H CI F H 2-pyrimidyl 0.60
31 H CI H F 2-pyridyl -0.22
32 H CI H F 3-pyridyl 0.36
33 H CI H F 2-pyrimidyl -0.15
34 H CI F F 2-pyridyl -0.15
35 H CI F F 3-pyridyl -0.22
36 H CI F F 2-pyrimidyl 0.34

The method employed here, called the Klopman-Peradejordi-Gémez or KPG method, has been explained in a
several papers [25-30] and here we shall only discuss the results. It is only member of the class of model-based
methods [31]. It was initially developed for drug-site affinity constants [32] but later it was concluded that it can be
employed for all kinds of biological activities [33]. Its success is beyond all reasonable doubts (see [34-60] and
references therein).

The electronic structure of all molecules was calculated within the Density Functional Theory (DFT) at the
B3LYP/6-31g(d,p) level with full geometry optimization [61]. The Gaussian set of programs was used [62] was
obtained from the Gaussian results with the D-Cent-QSAR software [63]. All electron populations smaller than or
equal to 0.01 e were considered as zero [29]. Negative electron populations coming from Mulliken Population
Analysis were corrected as usual [64]. Orientational parameter values were taken from Tables [65]. As the solving
of the system of linear equations is not possible for the reason that we have not enough molecules, we made use of
Linear Multiple Regression Analysis (LMRA) techniques to find the best solution. A matrix containing the
dependent variable (log(ICsg)) and the local atomic reactivity indices of all atoms of the common skeleton plus the
orientational parameters of the R;-Rs substituents as independent variables was constructed. The Statistica software
was used for LMRA [66].

Figure 2: Common skeleton numbering
We worked with the common skeleton hypothesis stating that there is a definite collection of atoms, common to all
molecules analyzed, that accounts for nearly all the biological activity. The action of the substituents consists in
modifying the electronic structure of the common skeleton and influencing the right alignment of the drug
throughout the orientational parameters. It is hypothesized that different parts or this common skeleton accounts for
almost all the interactions leading to the expression of a given biological activity. The common skeleton is shown in
Fig. 2.

Results
The best equation obtained is:

log(IC,,) =1.97 +0.81SE, (HOMO) *—0.02S] (LUMO + 2) *+
+2.67F,, (LUMO +1)*—1.45F, (HOMO) *—0.72F, (LUMO) *
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with n =27, R=0.95, R2= 0.91, adjusted R2= 0.89, F(5,21)=42.120 (p<0.000001) and a Std. error of estimate of 0.12.
No outliers were detected and no residuals fall outside the +20 limits. Here, S;"(HOMO)* is the electrophilic
superdelocalizability of the highest occupied MO localized on atom 23, S;o“(LUMO+2)* is the nucleophilic
superdelocalizability of the third lowest empty MO localized on atom 10, F,o(LUMO+1)* is the electron population
of the second lowest empty MO localized on atom 20, Fy;(HOMO)* is the electron population of the highest
occupied MO localized on atom 11 (The Fukui index, [67]) and F,(LUMO) is the electron population of the lowest
empty MO localized on atom 2.

Tables 2 and 3 show the beta coefficients, the results of the t-test for significance of coefficients and the matrix of
squared correlation coefficients for the variables of Eq. 1. There are no significant internal correlations between
independent variables (Table 3). Figure 3 displays the plot of observed vs. calculated log(ICsy).

Table 2: Beta coefficients and t-test for significance of coefficients in Eq. 1

Beta t(21) p-level
S,F(HOMO)* 0.45 5.98 <0.000006
S1M(LUMO+2)* -0.55 -7.92 <0.000001
F(LUMO+1)* 0.65 9.05 <0.000001
F;;(HOMO)* -0.35 -4.95 <0.00007
F,(LUMO)  -0.27 -3.57 <0.0018
Table 3: Matrix of squared correlation coefficients for the variables in Eq. 1
S5 (HOMO)* SV (LUMO+2)* Foo(LUMO+1)* Fy;(HOMO)*

S0 (LUMO+2)* 0.01 1.00
Foo(LUMO+1)* 0.03 0.04 1.00
F1:,(HOMO)* 0.02 0.03 0.12 1.00
F,(LUMO) 0.03 0.01 0.02 0.11
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Figure 3: Plot of predicted vs. observed log(ICsg) values (Eq. 1). Dashed lines denote the 95% confidence interval
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The associated statistical parameters of Eq. 1 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of five local atomic reactivity indices of atoms of the common skeleton
explains about 89% of the variation of log(ICsg). Figure 3, spanning about 1.6 orders of magnitude, shows that there

is a good correlation of observed versus calculated values (see below).

Local Molecular Orbitals

Tables 4 and 5 show the Local Molecular Orbitals of atoms 2, 10, 11, 20 and 23 (Eq. 1). Nomenclature: Molecule

(molecule’s HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)* (LUMO+1)* (LUMO+2)*.

Table 4: Local Molecular Orbitals of atoms 2, 10 and 11 (Eq. 1)

Molecule

Atom 2

Atom 10

Atom 11

1(82)

2(86)

3(90)

4(82)

5(82)

6(86)

7(86)

8(86)

9(86)

10(86)
11(90)
12(90)
13(90)
14(86)
15(86)
16(86)
17(90)
18(90)
19(90)
20(90)
21(90)
22(90)
23(94)
24(94)
25(94)
26(90)
27(90)
28(94)
29(94)
30(94)
31(94)
32(94)
33(94)
34(98)
35(98)
36(98)

78n80n81-8618 71881
81n82186m-88189191n
87n88n89m-941951967
78179082n-84n85n867
79180n8 1 1-86m8 71881
84n85n86m-88n89190N
84n85n86m-88n89190N
82n83n851-90m9 1192w
83n84n86m-88n89InI0T
82083n851-90n9 17927
88n89190m-921931947
85n86m90m-921941957
87n88190m-921931947
82n84n85m-9019 1192w
81182n86m-88789190n
82n84n85m1-9019 1792w
88n89190m-92793194n
85n86m90m-92793194n
87n88190m-921931947
87n88n89m-941951967
86m88190m-92193 1947
87n88n89m-941951967
921931941-96197198n
88189194 n-9619 7198w
911921941-96197198n
8518 7190m-92793194n
87n88n89m-9419519671
921931941-961981991
88191 194n-9619 71981
88192194 n-9619 798N
921931941-961981991
88191 194n-9619 71981
88192194 n-9619 798N

80n81n82n-83n8 788w
81n83n85n-8719319%46
88n89In90m-911921947
77180n8 1-83184n891
80n81n82n-83n85n88n
82684n85n-87193194n
84685186m-87193194n
81684n86m-87193194n
81084n85n-87n88n93n
81084n86m-87n89193 1
860880891-91197198n
86087n89n-91197n98n
880891905-91197n98n
84n85n86m-87n891926
81682085n-87n88193n
84n85n86m-87n89192n
87n88n89n-91797198n
82186689-91197198=n
88n89In90m-91197198~
88189690m-91193197n
82n1856891-91192n97n
88n89190m-91193197n
911921931-95n10171027w
861906931-95197n101xn
911931941-95197n101n
821846891-91192195n
88189190n-917931946
896921931-95110171026
89690m937-9571011020
921931941-9511017x1020
896921937-95710171020
89190193 n-95n10171020
921931941-9511017x1020

96m97198n-1001027103t  946966971-99710571 066
94195798n-10071017102t  90m936977-99710071 057
95196m98n-1001017102t 9679 71987-99710571 067

7918 1182n-84n85187n
831841851-88189190n
87n88190m-921951967
7918018 1 1-84n8 51867
80n81n82n-85n88n89n
846585186m-88n891901
83184686m-8919019 11
83n85n86m-88n89190n
82n84n85m-88n89In90
82n85n86m-89190n9 1t
88089190m-92193 11941
87n88n89m-921931957
87n88190m-931941967
84n85n86m-88n89n9 11
82683184n-88n189190n
84n85n86m-89192193 1
87n88190m-92193194n
86687n88m-92193194n
87n88190m-931941957
87n891901-92193 1947
86087n881-92193 1941
87n89190m-931941957
911921947-96197198n
906911927-96797799w
911921941-9719871007
87688n891-921941951
87188690m-93196197n
90m911931-96197198n
9019106937-96n97199w
9019 11941-97198n101 7
906911937-96n97198~n
9019106937-96n97199w
9019 11941-97198n101 7

951966977-100t10171027
947957971-1001017103 7
95197198n-101710271 0471
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Table 4: Local Molecular Orbitals of atoms 20 and 21 (Eq. 1).

Molecule

Atom 20

Atom 23

1(82)

2(86)

3(90)

4(82)

5(82)

6(86)

7(86)

8(86)

9(86)

10(86)
11(90)
12(90)
13(90)
14(86)
15(86)
16(86)
17(90)
18(90)
19(90)
20(90)
21(90)
22(90)
23(94)
24(94)
25(94)
26(90)
27(90)
28(94)
29(94)
30(94)
31(94)
32(94)
33(94)
34(98)
35(98)
36(98)

80m81682n-84n851861
836846867-88189190%
88689190m-931941951
796806821-85186688G
80681082n-84n85n8671
81684086m-88n89190n
84685186m-88190191 1
846585086m-88n89190n
83684086m-891901916
84n85686m-88n89190n
84688090m-9319519671
87688090m-9411951966
880891907m-9219479571
84085086m-88n891901
83084086m-891906926
84085086m-88n891901
85088090m-92193194n
87688090m-9219369%46
88689190m-92194195n
87689090m-92194195n
87688090m-931946950
88689090m-92193194n
910926941-96n19 71997

9169269471-98110001020

920931947-96198199 1
87088090m-931946966
88089690m-921936947
91692694n-97798799n
886920947-9719861006
926931947-961981991
91692694n-97798799n
886920947-9779871006
926931947-961981991

80n81n82m-84n85n867
8318478671-881891907
88n89190m-931941951
79n80m82m-85n86788 1
80n81182m-84n8 51867
83n84n86m-89190n91 1
84n85n86m-88m90n9 11
84n85n86m-88n891901
83n84n86m-89190n91 1
84n85n86m-88n891901
88n891901-931951967
87n88m90m-94n951967
88n89n90-921941957®
84n85n86m-88n89In90n
83n84n86m-89190192 7
84n85n86m-88n89In90n
87n88n90m-93194n957
87n88m90m-92193194n
88n89190m-921941951
88n89190m-92193 1941
87n88m90m-93194195n
88n891901-92193 1941
917921947-9719911 007
9171921947-98n100mt1067
9271931947-96m98799 1
87n88n90m-931941967
88n89190m-92193 194~
911921941-971981991
911921941-97198n1007
921931941-961981991
916926941-971981991
911926947-9779871007w
926931947-96198199 1

936966981-1007t10171036  936960987-101710371047
956966981-102710311046  956960987-102710311 047
96697198n-100710271037  96m977987-100w1027103 7

Discussion

Table 2 shows that the importance of variables in Eq. 1 isF,(LUMO+1)*> S;N(LUMO+2)*> S,;5(HOMO)*>
F12(HOMO)*> F,(LUMO).A high inhibitory activity is associated with large negative values of S,“(HOMO)*,
large positive values of F;;(HOMO)* and F,(LUMO) and small positive values of F,o(LUMO+1)*. If the numerical
values of S;o"(LUMO+2)* are positive, a high inhibitory activity is associated with large numerical values. Atom 20
is a carbon in ring D (Fig. 2). (LUMO+1),* has a m or ¢ nature (Table 4). (LUMO)x* has a m nature in all
molecules and also participates in the inhibitory process. Table 4 shows also that (LUMO)* does not coincide with
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the molecule’s HOMO. Considering that a high inhibitory capacity is associated with small positive values of
F,o(LUMO+1)* and that the plot of F,o(LUMO)* vs. inhibitory activity (not shown here) shows a similar trend, we
suggest that molecules in which the lowest empty MO localized on atom 20 located energetically far from the
molecule’s LUMO would be a good inhibitor. This suggests that atom 20 is acting as an electron donor. Atom 10 is
a carbon in ring B (Fig. 2). Table 4 shows that (LUMO)o* and (LUMO+1),0* have a © nature, while (LUMO+2),*
has 7 or o natures. A high inhibitory activity is associated with large numerical values for S;N(LUMO+2)* for
positive values of this index. To get larger values we must shift downwards the corresponding eigenvalue, making
this MO more reactive. Other possibility is to increase the Fukui index (with values in the [0,2] interval). Therefore,
the ideal situation is when the first three lowest empty MOs have a m nature and coincide with the first three lowest
empty MOs of the molecule. Therefore, atom 10 acts as an electron acceptor. Atom 23 is a carbon in ring D (Fig. 2).
Eq. 1 says that large negative values of S,;5(HOMO)* are associated with a high inhibitory activity. Table 4 shows
that (HOMO)3* has a & nature. Larger negative values are obtained by shifting upwards the energy of the associated
eigenvalue. This makes this MO more susceptible to act as an electron donor. Atom 11 is a carbon in rings B-C (Fig.
2). Table 4 shows that (HOMO),,* has a w nature. As larger positive values of Fi;(HOMO)* are associated with
higher inhibitory activity, we conclude that atom 11 is acting as an electron donor. Atom 2 is a carbon in ring A
(Fig. 2). Table 4 shows that (LUMO), has a 7 nature. As large positive values of F,(LUMO)* are associated with
high inhibitory activity, we suggest that atom 2 is acting as an electron acceptor. All the above suggestions are
displayed in the partial 2D pharmacophore of Fig. 4.

ELECTRON ELECTRON
ACCEPTOR ACCEPTOR

2

ELECTRON
DONOR ATOM

NH

ELECTRON
@ DONOR
ELECTRON
ACCEPTOR

Figure 4: 2D pharmacophore for the inhibition of BONT/A

All rings A-D seem to participate in the inhibitory process. The previous analysis strongly suggests that atoms in
Eq.1 interact with the site through n-n weak bonds and that the inhibitory process is orbital-controlled [68-69].
Despite the good results obtained here, we must insist that measuring the activity of a racemic mixture is a totally
incorrect approach. Perhaps this is the reason why many points in Fig. 3 are outside the 95% confidence interval.
Anyway the pharmacophore displays some atomic sites that can be modified to obtain improved inhibitors.

In conclusion, a good relationship between the electronic structure and BoNT/A LC inhibition has been obtained for
the abovementioned series, showing again that the KPG method is superior to the methods based only on statistics.
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