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Abstract

Electronic, lipophilic and steric descriptors included in QSAR-2D and -3D are analyzed for a set of ortho- and para-naphthoquinones that have
proved to be powerful oxidative agents with potent trypanocidal activities specially against Leptomonas seymouri and Trypanosoma cruzi. Electronic
properties are calculated by means of semiempirical (PM3), ab initio (HF/3-21G) and density functional theory (B3LYP/6-31 + G*) methodologies.
Three different electronic states, neutral quinones, hydroquinones and semiquinones, are studied to investigate if any one of them are statistically
related with the biological activities. The best correlations were obtained at the B3LYP level of theory because it includes electronic correlation.

The QSAR-2D indicates that the best trypanocidal growth inhibitors are molecules in the semiquinone electronic state, with the following
properties: (a) high negative value of Eyomo, (b) high negative charge in the oxygen atoms of the carbonyl groups, (c) high positive charge
in the carbon atom of one of carbonyl moieties and (d) high electronegativity (x). In a complementary way, the QSAR-3D indicates that the
electrostatic field correlates with trypanocidal activity and the presence of bulk moieties would increase activity.

The idea of comparing the three electronic states may prove to be of most importance in the general strategy to the design of new trypanocidal
drugs. In fact, the experimental results showed that semiquinone is the one really statistically relevant indicating a clear connection between
biochemical and theoretical aspects. Finally, we demonstrated that to be a good anti-trypanosomatid compound, the molecule must be a good
electron acceptor to reach easily the essential semiquinone state. We expect that the present results motivate new experimental as well as
theoretical investigations that confirm our findings.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Quinones have been proposed as trypanocidal, cytostatic
and antiviral agents [1—6]. The o-naphthoquinones, especially
B-lapachone, a-lapachone, mansonones and analogues [7,8],
are trypanosomatid growth inhibitors with high cytotoxic ac-
tivity. By diverting reducing equivalents they inhibit micro-
somal lipid peroxidation [7,8]. Cytosolic and mitochondrial
diaphorase (DTD), a quinone oxidoreductase, catalyzes qui-
nones’ reduction to hydroquinones via two mono-electronic
steps. It has been demonstrated that, in a mixture of hepatic
rat cytosol and B-lapachone (or the related o-naphthoquinones
named in Fig. 1 as CGx (x = 10-248, 9-442, 8-935)), the o-
naphthoquinones produced hydroquinones that in turn form
the corresponding semiquinone and reactive oxygen species
(ROS) [9,10] in a so-called oxidative comeback reaction. In
another study, the quinones were reduced by ascorbate to
semiquinones, followed by a mono-electronic transfer to
dioxygen to yield superoxide anion radicals characterized as
ROS.

However, in spite of the importance that quinones have in
biological chemistry, only little is known about the character-
istics of the mechanism that allows them to be good trypano-
cidal, cytostatic and antiviral agents. Since the mechanisms of
reaction involving free radicals are grouped in three typical
steps: initiation, propagation and termination (see Scheme 1),
we investigated the three electronic states of the selected
quinones to shed light into the mechanism of protection. For
the later purpose we employed semiempirical, ab initio and
DFT methodologies to determine the electronic and structural
properties for the three states of the quinones. Then, a first
quantitative structure—activity relationship (QSAR-2D) study
with a first set of quinones (analogues of the B-lapachone) is
performed to test if there is any particular electronic state
(neutral quinone, hydroquinone or semiquinone) that would
represent the active form of the population of o-naphthoqui-
nones. Because quinones’ molecular shape and local elec-
tronic properties are usually complementary to the active
site of enzymes involved in the oxide-reduction metabolism,
we add to our first o-naphthoquinone set, three more sets of
o-naphthoquinones and p-naphthoquinones with variations in
their shape as well as electronic properties. The structures of
four sets are described in the following section and are used
in a second QSAR (QSAR-3D (CoMFA)). We expect that
the present results motivate new experimental as well as
theoretical investigations that confirm our finding.

2. Methodology
2.1. Molecular systems, synthesis and bioassays

Many sets of ortho- and para-naphthoquinones have been
reported [10—15]; the structures and biological data of that
are used in this study.

A set of 11 o-naphthoquinones (Fig. 1) have been proved to
be powerful oxidative agents with a well-known action mech-
anism, in which a semiquinone is an essential intermediate

leading to superoxide anion in aerobic conditions (Scheme
1) [10]. All reported experimental biological data (DHLA,
ICso of Leptomonas seymouri and Chritidia fasciculata) are
shown in Table 1.

The synthesis of another set of p-naphthoquinones (dihy-
dronaphthofurandione and dihydrofuroquinolinedione deriva-
tives) and the test for their trypanocidal activity in vitro
against Trypanosoma cruzi, epimastigotes of Tulahuen strain,
were reported [13—15]. Some of them have potent trypanoci-
dal activities (Fig. 2).

Moreover, the synthesis and biological evaluation against 7.
cruzi Tulahuen strain of 10 new synthetic naphtho and anthra-
quinone sesquiterpene derivatives were described [14] and are
shown in Fig. 2. Note that compounds DRIM1 and DRIM25
are more effective trypanocidal than nifurtimox.

Finally, the preparation of five naphtho[2,3-b]thiophen-4,9-
quinone derivatives and the evaluation of their in vitro
trypanocidal activities were reported [15]. NTQa and NTQd
derivatives are most active against epimastigotes (Fig. 2).

2.2. Sampling for the quantitative structure—activity
relationship studies

Five different kinds of samples were built:

SAMPLE I: the entire o-naphthoquinone samples in which
each one of o-naphthoquinones are represented three times,
each time in one of the three electronic states (semiquinone,
neutral and hydroquinones). The size (n) of this sample is
33. Their chemical graphs and common names are shown
in Fig. 1. The number of atomic positions is presented in
Fig. 3.

SAMPLE IIH (n=11): the 11 o-naphthoquinones of SAM-
PLE I (Fig. 1) in the hydroquinone electronic state.
SAMPLE IIS (n=11): the 11 o-naphthoquinones of SAM-
PLE I (Fig. 1) in the semiquinone electronic state.
SAMPLE IIN (n=11): the 11 o-naphthoquinones samples
of SAMPLE I (Fig. 1) in the neutral electronic state.
SAMPLE Il (n=42): the 11 o-naphthoquinones of the
SAMPLE IIN are put together with the 31 p-naphthoqui-
nones presented in Fig. 2, conforming a sample of n =42
molecules with which the QSAR-3D CoMFA analysis
was performed.

2.3. Physicochemical properties

A procedure to model and geometry optimize the molecular
structures was executed in three successive steps: (I) a com-
puter assisted molecular model is obtained and its geometry
refined using a molecular mechanics (MM+) [16] force field;
(IT) the geometry is improved to the extent that energy, as cal-
culated by means of semiempirical (PM3) [17] and ab initio
methods (HF/3-21G), comes to the corresponding stationary
values when starting from a deformed geometry; (III) these ge-
ometries are re-optimized within density functional theory
(DFT). In these last calculations, the B3LYP density function
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Scheme 1. Initiation, propagation and termination steps involved in the
quinones reactivity.

employed includes the three parameter potential B3 developed
by Becke [18] and the correlation potential LYP of Lee et al.
[19]. Pople’s 6-31 + G* basis set is used [20]. B3LYP optimi-
zations were performed by means of Gaussian 98 program
[21] using normal convergence criteria. Vibrational frequen-
cies were determined analytically for all the molecules except
atovaquone given that it is a too big-sized radical. In all cases,
the structures were checked to correspond to potential energy
minima, as indicated by positive force constants. Atomic
charges (Q) were determined by fitting to the electrostatic po-
tential according to Chrilian and Francl [22].

2.4. OSAR-2D

Quantitative structure—activity relationship (QSAR-2D)
studies are based on an extra thermodynamic treatment which
takes into account that each part of the molecule has influence
on the equilibrium constant and the reaction rate of their
chemical, biochemical and biological reactions, according to
the variation in electronic, steric and lipophilic properties
[23]. The QSAR study finishes once an equation is obtained
where the activity of molecules is expressed as a combination
(in our case, a linear combination) of the molecular descriptors
for the electronic, steric and lipophilic properties of molecules.
The QSAR-2D were made taking as the dependent variables
the capacity to be reduced by dithiothreitol (DTT), the

Fig. 1. First set of studied quinone chemical structures. Abbreviations and
chemical terms used are: B-lapachone, 3,4-dihydro-2,2-dimethyl-2H-naph-
tho[1,2-b]pyran-5,6-dione; o-lapachone, 3,4-dihydro-2,2-dimethyl-2H-naph-
tho[2,3-b]pyran-5,10-dione; CG8-935, 3,4-dihydro-2-methyl-2-ethylnaphtho
[1,2-b]pyran-5,6-dione; CG9-442, 3.4-dihydro-2-phenyl-2-ethylnaphtho[1,2-
b]pyran-5,6-dione; CG10-248, 3,4-dihydro-2-2-dimethyl-9-chloro-2H-naphtho
[1,2-b]pyran-5,6-dione; mansonone A, 5,6,7,8-tetrahydro-3,8-dimethyl-5-
isopropyl-1,2-naphthoquinone; mansonone C, 3,8-dimethyl-5-isopropyl-1,2-
naphthoquinone; mansonone E, 2,3-dihydro-3,6,9-trimethyl-naphtho[1,8-bc]
pyran-7,8-dione; mansonone F, 3,6,9-trimethyl-naphthol[1,8-bc]pyran-7,8-
dione; menadione, 2-methyl-1,4-naphthoquinone; atovaquone, 2-[trans-4-
(4’-chlorophenyl)cyclohexyl]-3-hydroxy-1,4-naphthoquinone.
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Table 1
Effect of quinones on DHLA and DTT measured as oxygen consumption [9]
and growth inhibition of L. seymouri and C. fasciculata [10]

Quinone (50 uyM)  DTT DHLA 1Cso (LM)
(WM/min) - (uM/min) L. seymouri  C. fasciculata

a-Lapachone 1 7 4.1 27.0
B-Lapachone 238 808 0.4 -
CG10-248 470 879 04 0.8
CG9-442 315 990 0.7 0.7
CG8-935 208 733 0.3 0.8
Mansonone A 37 26 8.5 15.0
Mansonone C - 434 4.0 6.0
Mansonone E 66 276 0.4 0.6
Mansonone F 14 58 0.1 0.3

capacity to be reduced by the dihydrolipoamide (DHLA), the
growth inhibition of L. seymouri or the growth inhibition of C.
fasciculata (Table 1) [24,25].

The frontier orbital energies, the lowest unoccupied molec-
ular orbital (LUMO) and the highest occupied molecular or-
bital (HOMO) [26] and the partial net charges [27] for each
atom were used as QSAR-2D electronic descriptors; of course,
the final net charges were calculated using the lowest energy
conformation obtained at the B3LYP/6-31 + G* level of
calculation.

Additionally, polarizability [28], log P [29], and surface
area were calculated using Hyperchem 6.0 [30]. The hardness
(n) and the electronegativity (x) were calculated in terms of
the energies of the frontier orbitals HOMO and LUMO follow-
ing Koopman’s theorem Eqs. (1) and (2) [11—14].

x= — 1/2(Enomo + Evumo) (1)

n= —1/2(Exomo — ELumo) (2)

The left-hand symbols are well-known chemical quantities;
left-hand quantities depend upon the level of theory used.
The hardness is a measure of the ionicity of an atom or mol-
ecule while its inverse, 1/np named chemical softness, measures
the electronic polarizability of the system. These variables, in
a multi-regression analysis, would take care of response prop-
erties involving the whole system to be docked [11—14]. For
the present study, the more simple numeric approach has
been selected due to the lack of definite structural knowledge
on the receptor site.

Both dependent and independent variables were then
included in a data set with which a QSAR-2D was made using
a principal components analysis (PCA) procedure [31] in the
Unscrambler 8.0 program [32].

An analysis of the correlation matrix was done by means of
the regression model principal least square (PLS) version 2
[33]. The PLS method is used for relating the variations in
one or several response variables (Y-variables) to the variations
of several predictors (X-variables). To validate the models, the
leverage correction is employed; this is a method to simulate
model validation without performing any actual prediction.
This model is based on the assumption that samples with
a higher leverage (i.e. high influence on the model) will be

predicted with less accuracy than samples with lower leverage.
Thus a validation sample residual variance is computed from
the calibration sample residuals, using a correction factor
that increases with the sample leverage. All samples with
low leverage (i.e. low influence on the model) will have
estimated prediction residuals very close to their calibration
residuals (the leverage being close to zero). From PLS2 model,
a QSAR-2D equation is obtained; this is presented and
discussed in Sections 3 and 4, respectively.

2.5. OSAR-3D

A second quantitative structure—activity relationship proce-
dure (QSAR-3D/CoMFA) is performed by means of Sybyl 6.8
software [34]. This methodology represents the molecules by
steric (Lennard—Jones) [35] and -electrostatic (Coulomb)
fields, calculated with a probe charge over the 3D molecular
surface.

In the first step of the CoMFA procedure, a common
substructure, the naphthalene ring, was selected as pharmaco-
phore and used as template to do an alignment of all sample
molecules.

The resulting CoOMFA data are analyzed with a PLS method
and the resulting model is validated by means of both internal
and external cross-validation procedures. The internal valida-
tion can be determined through the value of the cross-validated
¢* (cross-validation correlation coefficient) reported by PLS,
using the 70% of data. In this method some samples are
kept out of the calibration and are used for prediction. This
is repeated until all samples have been kept out once. The
external validation, calculated as in Ref. [36], uses a predictive
7 value, retaining the 30% of data:

1o = (1 —SSD)/PRESS (3)

where SSD is the sum of squared deviation from the mean and
PRESS is the sum of squared differences between the actual
and the predicted values.

3. Results
3.1. OSAR-2D of the o-naphthoquinone set

A statistical study comparing significance of the semiem-
pirical, HF/3-21G and B3LYP/6-31 + G* methodologies was
performed by means of PCA and regression analysis of SAM-
PLE I (Table 2). For the regression analysis presented, seven
PCs were taken into account together with a PLS2 method
using as dependent variables those previously described
(DTT, DHLA, ICs, of L. seymouri).

Once all regression analyses are done, the best model is that in
which the L. seymouri activity correlates with the electronic vari-
ables calculated with B3YLP/6-31 + G* method. It is noticeable
that when C. fasciculata is used as dependent variable, it was not
possible to obtain models of good statistical quality. However, the
semiempirical methods did not give good correlations. The model
shows a big difference between the calibration and the validation
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Fig. 3. Molecular model used in electronic calculations. The atoms of the qui-
nones are numbered.

r* correlation coefficients. Nine variables in the PCA plot are

placed in the outer ellipsoid (explaining the 100% of the model
variance) and the other variables are inside the inner ellipsoid ex-
plaining the 50% of the variability. Employing the HF/3-21G*
methodology did not improve the results. Therefore, the best fit-
ting observed is with the DFT model (rfanbrmion =0.97,
r%alidmon = 0.95) because it includes correlation energy and the
HF methodology does not.

In the following step of the statistical analysis, the three elec-
tronic quinone configurations (SAMPLE IIH, SAMPLE IIS and
SAMPLE III) were studied separately. The best correlation was
that found between ICsq of L. seymouri taken as dependent vari-
able and the semiquinone population (Fig. 4 and Table 3). The
statistical values obtained were 2o relation = 1 rﬁrediction =0.99
and the resulting QSAR-2D equation is:

ICs L.seymouri = 76.274940 + 3.816 log P — 0.504Pola
+21.373 Eyomo — 37.304 QC1
+3.340 QC3 +76.298 QO1 + 24.914 Q02
—93.999x
(4)

3.2. OSAR-3D of the o- and p-naphthoquinone sets
The SAMPLE III, integrating ortho- and para-naphthoqui-

nones, is used to perform the comparative molecular field
analysis (CoMFA).

Table 2

Regression results obtained for all quinones populations, using DITHIO,
DHLA and ICsq of L. seymouri as the dependent variable vs the methods em-
ployed in this study

Methods Regression coefficient Regression coefficient
for calibration model for validation model

Semiempirical 0.99 0.66

Ab initio 0.84 0.74

DFT 0.97 0.95

4. Discussion
4.1. OSAR-2D of the o-naphthoquinone set

As expressed above, the comparison of three statistical
models (neutral, hydroquinone and semiquinone electronic
states) using the B3LYP/6-31 + G* results have shown the
best fitting for the semiquinone electronic state (SAMPLE
IIS), taking ICsq of L. seymouri as dependent variable and
Enomo, QC1, QC3, QO1, QO2, polarizability (Pola), log P
and x as independent variables (Fig. 4, Table 3 and Eq. (3))

For the molecule set assayed, Egomo, QO1 and QO2 have
negative values; QC1 has positive values while QC3 may have
either negative or positive values in the sample.

As validation test for Eq. (3), the ICsq of L. seymouri was
calculated and compared with experimental values (Table 4).
Using the same equation, the predicted values for the radicals
of menadione and atovaquone are 11.4puM and 2.8 uM,
respectively, predicting that atovaquone could result in a better
anti-L. seymouri agent than menadione because it has more
acceptable hydrophobicity, polarizability, frontier orbital and
charge descriptors (cf. Eq. (3)).

4.2. OSAR-3D of the o- and p-naphthoquinones,
SAMPLE Il

The data from the CoMFA model are analyzed with the
above-mentioned PLS method; the resulting model is vali-
dated by means of both internal and external cross-validation
procedures. The results are graphically represented as a 3D

Fig. 2. Set of dihydronaphthofurandiones and dihydrofuroquinolinediones (DHNFx), drimane quinones (Drimx) and naphtho[2,3-b] thiophen-4,9-quinones (NTQx)
used in the CoMFA analysis. Abbreviations and chemical terms used are: DHFNI, 2,3-dihydrobenzo[b]furan-4,7-dione; DHFN2, 5-bromobenzofurandione;
DHFN3, 6-bromobenzofurandione; DHFN4, 2 3-dihydro-2,2,6,7-tetramethylnaphtho([2,3-b]furan-4,9-dione; DHENS, 2,3-dihydro-2,2,-dimethylnaphtho[2,3-b]
furan-4,9-dione; DHFNG6, 2,3-dihydro-2,2,5-trimethylnaphtho[2,3-b]furan-4,9-dione; DHFN7, 2,3-dihydro-2,2,8-trimethylnaphtho[2,3-b]furan-4,9-dione;
DHFNS, 2,3-dihydro-8-methoxy-2,2-dimethylnaphtho[2,3-b]furan-4,9-dione; DHFN9, 2,3-dihydro-6,8-dimethoxy-2,2-dimethylnaphtho[2,3-b]furan-4,9-dione;
DHFNI10, 2,3-dihydro-2,2-dimethylfuro[3,2-g]quinoline-4,9-dione; DHFN11, 2,3-dihydro-2,2-dimethylfuro[2,3-g]quinoline-4,9-dione; DHFN12, 2,3-dihydro-
2,2-dimethylnaphtho[1,2-b]furan-4,5-dione; DRIMI, (4)-(4aS,12bS)-4,4,12b-trimethyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[a]anthracene-8,11-dione; DRIM18,
1,4-naphthoquinone; DRIM23, 5-hydroxy-1,4-naphthoquinone (Juglone); DRIM24, naphthazarin, 5,8-dihydroxy-1,4-naphthoquinone; DRIM2S, (—)-(7R,
7a$,11a$)-7-[1,3]dioxolan-2-yl-7a,11,11-trimethyl-7,7a,8,9,10,11,11a,12-octahydrobenzo[a]anthracene-1,4-dione; DRIM26, (—)-(7R,7aS,11aS)-7-[1,3]dioxolan-
2-yl-2,3,7a,11,11-pentamethyl-7,7a,8,9,10,11,11a,12-octahydrobenzo[a]-anthracene-1,4-dione; ~ DRIM27,  (—)-(8R,8aS,12aS )-8-[1,3]dioxolan-2-yl-8a,12,12-
trimethyl-8,8a,9,10,11,12,12a,13-octahydro-pentaphene-5,14-dione; DRIM28, (—)-(8R,8aS,12aS )-8-[1,3]dioxolan-2-yl-1,4-dihydroxy-8a,12,12-trimethyl-8,8a,9,
10,11,12,12a,13-octahydro-pentaphene-5,14-dione; DRIM29, (—)-(8R,8aS,12aS )-8-[1,3]dioxolan-2-yl-1-hydroxy-8a,12,12-trimethyl-8,8a,9,10,11,12,12a,13-octa-
hydro-pentaphene-5,14-dione; DRIM30, (—)-(8R,8aS,12aS)-8-[1,3]dioxolan-2-yl-4-hydroxy-8a,12,12-trimethyl-8,8a,9,10,11,12,12a,13-octahydro-pentaphene-
5,14-dione; DRIM31, (+)-(4a$,12bS)-4,4,9,10,12b-pentamethyl-1,2,3,4,4a,5,-6,12b-octahydrobenzo[a]anthracene-8,11-dione; DRIM32, (4)-(4aS,14bS)-4.4,
14b-trimethyl-1,2,3,4,4a,5,6,14b-octahydrobenzo[a]naphthacene-8,13-dione; DRIM33, (+)-(4aS$,14bS )-9,12-dihydroxy-4,4,14b-trimethyl-1,2,3,4,4a,5,6,14b-octa-
hydrobenzo[a]naphthacene-8,13-dione; NTQa, naphtho[2,3-b]thiophen-4,9-quinone; NTQb, 8-methoxy-naphtho[2,3-b]thiophen-4,9-quinone; NTQc, 5-methoxy-
naphtho[2,3-b]thiophen-4,9-quinone; NTQd, 6-methoxy-naphtho[2,3-b]thiophen-4,9-quinone; NTQe, 7,8-dimethoxy-naphtho[2,3-b]thiophen-4,9-quinone;
NTQf, nitro-naphtho[2,3-b]thiophen-4,9-quinone [11—13].
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Fig. 4. PCA of semiquinones with DFT calculation. The significant variables appear between 50% and 100% of variability, represented by the two ellipsoids. The
small ellipsoid explains the 50% of variability and the bigger one explains the 100% of the variability of the data.

plot in Figs. 5 and 6. The electrostatic field correlates with
activity increase when positive (6+) on C1 and C2 and the
negative (6—) on O1 and O2 charges augment while decreas-
ing the %ICsy in epimastigotes. The so-called steric field
shows that a substitution with bulk moieties might increase
the activity. Both results, in accordance with those of
QSAR-2D, reinforce the hypothesis of electronic influence
of the carbonyl moieties in the proposed mechanism.

Statistical parameters of the best CoMFA were 2= 0.968,
F =72.991 and the estimated standard error was 0.245 indicat-
ing that the model has a good predictive ability.

For the dihydronaphthofurandione and dihydrofuroquinoli-
nedione derivatives [11—14], the presence of a pyridine
enhanced the trypanocidal activity when this one was corre-
lated to electroaffinity and the electronegativity of the mole-
cules. Also for the DRIMx [15], it is noted that the most
important region responsible for the tripanocidal activity is
the presence of an unsubstituted region 2—3 near one of the
carbonyl groups.

5. Conclusions

In the PCA study of the entire o-naphthoquinones, SAM-
PLE I (Fig. 1), the best regression parameters were obtained
when the ICsq of L. seymouri activity was used as dependent
variable and the DFT descriptors as independent variables.
The correlation for the calibration was 0.97 and for the valida-
tion was 0.95 (Table 2).

When the quinones were grouped into three different
samples (neutral, semiquinones and hydroquinones; SAM-
PLE IIN, SAMPLE IIS and SAMPLE IIH) the same proce-
dure is applied and new regression analysis performed. The
values obtained for the radicals showed the best correlation
with respect to the dependent variable. When the electronic
properties were evaluated by means of the DFT methodol-
ogy and ICsy of L. seymouri as dependent variable (Table
3), the statistic model evaluation indicated that the semiqui-
nones (SAMPLE IIS) generated the best model. Indeed, the
best correlation obtained was 1.00 for the calibration and
0.99 for the validation. With these results, we propose an ac-
tion mechanism in which the active form of o-naphthoqui-
nones’ population (Scheme 2) responsible for the redox
mechanism and correspondingly for the capacity of growth
inhibition should be the semiquinone. Further experimental
as well as experimental investigations are required to con-
firm our idea.

In addition to this, the obtained QSAR-2D Egq. (3) predicts
that the L. seymouri inhibitory growth activity of the SAM-
PLE IIS of semiquinones will be increased (and the ICs
value will decrease correspondingly) tuning the following
factors:

(a) a more negative value of Eyomo,

(b) negative charge of atoms O1 and O2 increased,

(c) the increase of the positive charge QC1 and the increase of
electronegativity (x).

Table 3

Regression analysis for the different states of the quinones expressed with ICso of L. seymouri as dependent variable

Method Neutral quinones Hydroquinones Semiquinones
Correlation coefficient Correlation coefficient Correlation coefficient Correlation coefficient Correlation coefficient Correlation coefficient
of calibration of validation of calibration of validation of calibration of validation

Semiempirical 0.97 0.90 0.97 0.94 0.95 0.84

AD initio 0.92 0.85 0.74 0.24 0.99 0.96

DFT 0.92 0.76 0.98 0.93 1.00 0.99
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Table 4
Validation and predicted values for the first set of o-naphthoquinones
Quinone (50 pM) ICso (M)

L. seymouri L. seymouri, predicted
a-Lapachone 4.1 4.1
B-Lapachone 04 0.4
CG10-248 0.4 0.4
CG9-442 0.7 0.7
CG8-935 0.3 0.3
Mansonone A 8.5 8.5
Mansonone C 4.0 4.0
Mansonone E 04 0.4
Mansonone F 0.1 0.1
Menadione - 114
Atovaquone - 2.8

Thus, the present results can be also confirmed if the inhib-
itory growth activity is determined for quinones that have the
properties above-mentioned.

The model predicts with 100% of agreement the experi-
mental values for o-naphthoquinones. In consequence, it could
be used to predict the anti-L. seymouri activity for menadione
and atovaquone. In view of these results, it seems to be unnec-
essary to evaluate the experimental ICs, for atovaquone and
menadione against L. seymouri: the model could be used to
predict that value.

In agreement with the QSAR-2D best model, the QSAR-3D
(CoMFA) models show that a substitution for negative moie-
ties in the carbonyls region (C1, Ol and C2, O2) of the qui-
nones will enhance the biological activity (7. cruzi growth
inhibition %). However, a substitution for positive moieties
will decrease the activity (blue field in Fig. 6). In the steric
plot, the yellow colored field shows that bulk substituents at
C3 and C5 would decrease activity; again according to the
QSAR-2D model Eq. (4). A green field shows that in the po-
sitions of C9 and Cl11 bulk moieties would enhance the
activity.

Fig. 5. CoMFA plot showing electrostatic fields for the quinones used. The
quinone molecule is represented as sticks and the electronic field contours
are represented in blue and red colors. Red field is favorable to negative sub-
stituents and blue field is favorable to positive substituents. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 6. CoMFA plot showing steric fields for the quinones used. The quinones
are represented as sticks and steric field contours are represented in yellow and
green colors. Green field is favorable to bulk substituents and yellow field is
unfavorable to bulk substituents. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

All our results suggest that a charge transfer complex be-
tween a 7t-donor agent and the acceptor (the neutral quinone)
could be formed through an electronic transfer to the frontier
orbital HOMO of atoms O1 or O2 by the interaction of the
carbonyl (C1=01 or C2=02); additionally this is to be fa-
vored by an interaction between both C1=01 and C2=02.
This conclusion opens a possibility to develop further and
specialized studies of a possible charge transfer role. Indeed,
Molfetta et al. [37] found that “some active anti-trypanocidal
compounds are not good electron-donor molecules when com-
pared with the inactive ones’’. This observation is in absolute
coincidence with ours. This statement is to be taken in the

o)
OH
C
+ DHLA
o} Q (S°®)
OH
OH
C
5 + DHLA (-S-S-)

Scheme 2. Quinones action mechanism [3]. Q =quinones; DHLA =
dihydrolipoamide; QH2 =hydroxy quinone; LA = lipoamidedisulfide;
Q" =semiquinone free radical. DHLA (S—H) reduces the quinone into
hydroxy quinone and at the same time the disulfide lipoamide DHLA (S—S)
is formed. In an intermediate step the semiquinone and the radical disulfide
anion DHLA (=S) is formed [19].



2246 M. Paulino et al. | European Journal of Medicinal Chemistry 43 (2008) 2238—2246

sense that we demonstrate that, to be a good anti-trypanosoma-
tid compound, the molecule must be a good electron acceptor
to reach easily the essential semiquinone state.

With the natural limitations that this work may have, the
idea of comparing the three electronic states and the experi-
mental results showing that it is the semiquinone the one really
statistically relevant seems to be a valuable approach. The
choice of theoretical method plays also a key role. The results
indicate a clear connection between biochemical and theoret-
ical aspects by pinpointing which electronic state might be the
crucial one. The observation that the experimental data with
the semiquinones gives the best fit strongly suggests that
they might be the key form of the quinones for the bioactivity
and could be a probe for the mechanism of action.

The obtained QSAR-2D equation gives a tool to predict
activities and could stimulate experimentalist to synthesize
new compounds with the aim to integrate this information in
a general strategy to the discovery of new and less toxic
anti-trypanosomatid drugs.
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