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Substitution of nifurtimox tetrahydrothiazine moiety by triazol-4-yl, benzimidazol-l-yl, pyrazol-l-yl or
related aromatic nitrogen heterocycles determines changes in the quantum chemistry descriptors of the
molecule, namely, (a) greater negative LUMO energy; (b) lesser electron density on specific atoms,
especially on the nitro group atoms, and () modification of individual net atomic charges at relevant atoms.
These variations correlate with the greater capability of nifurtimox analogues for redox-cycling and oxygen
radical production, after one-electron reduction by ascorbate or reduced flavoenzymes. Variation of the
nitrofurans electronic structure can also explain the greater activity of nifurtimox analogues as inhibitors
of glutathione reductase and Trypanosoma cruzi growth, although other factors, such as molecular
hydrophobicity and connectivity may contribute to the latter inhibition.

KEY WORDS: Nitrofurans, nifurtimox, quantum chemistry parameters, LUMO, nitroanion radical,
oxyradicals.

ABBREVIATIONS: NF, (5-nitro-2-furfurylidene)amino; nifurtimox, 3-methyl-4-[NF}-tetrahydro-4H-
thiazine-1,1"-dioxide; NF-triazole; 4-[NFJ-1,2,4-triazole; NF-pyrazole, 1-[NF]-
pyrazole; NF-benzimidazole, 1-[NF]-benzimidazole; NF-triazole(I), 3,5-bis
(methyl-thio)-4-[NF}-1,2,4-triazole; NF-triazole(I), 1-methyl-3-methyl-thio-4-
[NF)-1,2,4-triazole-5-thione;  NF-triazine, 3-thioxo-4-[NF]-1,2,4-triazin-5-one;
nitrofurazone, 5-nitro-2-furaldehyde semicarbazone; LUMO, lowest unoccupied
molecular orbital; LipDH, lipoamide dehydrogenase (NADH: lipoamide oxido-
reductase; E.C. 1.6.4.3).

Nitrofuran compounds are frequently used in human and veterinary medicine.
Among these drugs, nifurtimox is one of the most successful for the treatment of acute
forms of American trypanosomiasis (Chagas’ disease)."” It is controversial, however,
whether nifurtimox is curative in all forms of Chagas’ disease. Furthermore, nifurtimox
is mutagenic in bacteria® and may produce adverse effects in patients,"* These draw-
backs prompted Mester ef al.* to synthesize new nifurtimox analogues in which the
tetrahydrothiazine moiety was replaced by unsaturated five or six- membered nitrogen
heterocycles (Figure 1). Most of the new compounds proved to be more effective than
nifurtimox as (a) inhibitors of T. cruzi growth in vitro;* (b) inducers of superoxide

+To whom correspondence should be addressed.
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FIGURE 1 Structure of nifurtimox analogues. Each compound consists of moieties A (structure R) and
B (structure I-VI): R, (5-nitro-2-furfurylidene)amino (NF in the text). I, 4R-1,2,4-triazole; 11, 1 R-pyrazole;
III, 1R-benzimidazole; IV, 3,5-bis(methylthio)-4R-1,2,4-triazole; V, 1-methyl-3-methylthio-4R-1,2,4-
triazole-5-one; VI, 3-thioxo-4 R-6-methyl-1,2,4-trazin-5-one.

anion production by LipDH’ or NADPH-cytochrome P-450 reductase,® and (c)
catalysts of ascorbate oxidation a reaction involving the nitroanion radical.’

The biological effects of nitrofuran compounds, especially on T. cruzi, involve
redox-cycling of these compounds and oxygen radical production, two processes in
which the nitroanion radical plays an essential role.** Production of nitroanion
radicals depends on the electronic properties of molecules, which may be expressed
by quantum chemistry descriptors, namely, (a) LUMO energy; (b) the individual
contributions of atomic orbitals to the LUMO, and (c) the molecular charge distri-
bution.'™"" In order to explain the structure-activity relationship (QSAR) for nifurti-
mox analogues, these descriptors have been calculated and analyzed against each
compound activity as catalyst of ascorbate oxidation and superoxide anion pro-
duction by the flavoenzyme LipDH and also, against compounds toxicity for T. cruzi.
The use of computational theoretical chemistry in order to predict the action of
molecules on biological systems has yielded useful practical knowledge and may
facilitate the rational design of new therapeutic agents, a topic of particular relevance
in the case of Chagas’ disease chemotherapy.'?

METHODS

LUMO energy, the individual atomic contribution to the LUMO and the molecular
charge distribution were obtained from the optimized structures, using the Modified
Neglect of Diatomic Overlap (MNDO-PM3) semiempirical method,'>" the 2.1 version
of AMPAC Program modified to use PM3 parameters. Partial net atomic population
of atomic centers was calculated from the equation

= 2
drumMo = z Niumo- Cio»
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FIGURE 2 Numbering of the substituted (5-nitro-2-furfurylidene)amino group.

where A0, N ;o and C , are an atomic orbital of the generic atom *“4”, the number
of electrons that will be in the LUMO (one in this case) and the coefﬁcwnt in the linear
combination of atomic orbitals for the LUMO, respectively. Atoms were numbered
as described in Figure 2. LUMO has a 7 geometry and its main component is a pure
2, atomic orbital. Therefore, we assume as partial net atomic populations the C,
term named C2 for the generic atomic center “a”. Molecular geometries were optl-
mized using the MMX force field included in the molecular program PH using
standard bond lengths and angles. The most stable conformations were then fully
optimized by the MNDO-PM3 method.

Calculations were performed using a Toshiba PC equipped with an 80387 micro-
processor and an 8087 numeric co-processor. Electronic parameters were analyzed
against chemical or biological parameters, using standard regression packages. The
probability level of the values obtained was determined by Student’s ¢-test.

Data for molecular activity (NMA) were obtained from the effects of compounds
on (a) ascorbate oxidation rate (“ascorbate assay’),” and (b) o, productlon by
LipDH in the presence of NADH and oxygen (“LipDH assay”) These assays
involved nitrofuran redox-cycling and the experimental conditions are described in
the corresponding references.

RESULTS AND DISCUSSION

In a series of (5-nitro-2-furfurylidene)amino derivatives, including nifurtimox and
nifurtimox analogues, the greater negative LUMO energies correspond to compounds
bearing unsaturated nitrogen heterocycles. Figure 3 shows the relationship of LUMO
energies (E, ,m0) With the nitrofurans molecular activity (NMA), measured by the
ascorbate assay.” B juo values confirm those obtained previously by the MNDO/AL
method.® It is to be seen that parameters correlate linearly, according to Eq. (1)

NMA = 0.74 E ;o — 1.06 (1)

(units as in Figure 3; R = 0.98; P < 0.01). From this equation, it may be inferred
that a minimum LUMO energy (—1.04¢V) would be required for one-electron
transfer from donor to the neutral molecule. A linear correlation was also obtained
using O, production by LipDH, as an index of nitrofuran molecular activity. This
relationship is represented by Eq. (2)

(OF) = 3.19 Eyyyo — 407 )

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/10/11

For personal use only.

210 M. PAULINO-BLUMENFELD ET AL

o
2]

e
o
T

.
1

/min per ymol nitrofuran)
o
o~
T
]

<
> Y03 . 4
z o ¢

ONO‘Z u ., T

gorl )

2

9 b
0 A I

A4 -5 -16 -17 -8 -19 -20 -21 -22
LUMO ENERGY (eV)

FIGURE 3 Correlation of nitrofuran molecular activity (NMA) and LUMO energy. NMA data were
obtained by the ascorbate assay® and LUMO energy was calculated as described under Methods. a,
nifurtimox; b, nitrofurazone; ¢, NF-pyrazole; d, NF-triazine; ¢, NF-benzimidazole; / NF-triazole (II); g,
NE-triazole(1); #, NF-triazole.

where superoxide anion production ((O,)) is expressed in umol O, /(umol nitro-
furan x mg LipDH) (activity data from Reference 5 and LUMO data trom Figure
3; R = 0.99; P < 0.01; NF-triazole data excluded from this calculation).

Electron energy (E) and electron density p (number of electrons in the unit space
cell) are related by Eq. (3)

[0E/dp(r)], = u = constant 3)

where r, v and p are the space coordinate, the external potential and the chemical
potential, respectively.'* LUMO density must be then the variable determining nitro-
furan reactivity but as different cells can have different values, a local electron density
approximation was necessary in order to gain better information on the electronic
characteristics of molecules. Accordingly, individual contributions of atomic orbitals
to the LUMO were calculated. These results, which are expressed by the related
parameter C; (Table I), deserve the following comments: (a) with compounds bearing
nitrogen heterocycles, the largest contributors to the LUMO are N(Q2) > C(5) >
C(4) > C(1); (b) with nifurtimox and nitrofurazone, the largest contributors are
C@4) > N(2) > C(1) > C(2); (c) the contribution pattern of O(3) and the nitro
group atoms is similar for all compounds: O(3) > N(1) > O(2) > O(1); (d) N(3)
contribution is the smallest in all compounds. These data indicate that the aromatic
nitrogen heterocycle induces electron shifts in the (S-nitro-furfurylidene)amino group,
namely, a greater electron probability density on C(3), C(5) and N(2), and vice versa,
a lesser electron probability density on the other atoms. Correlation of values in
Table I with nitrofuran molecular activity proved to be linear in both the ascorbate
and LipDH assays as was to be expected from results in Figure 3 (plots omitted). The
corresponding equation coefficients are presented in Tables IT and ITI, except for N(3)
since its contribution to the LUMO is very small and consequently, susceptible to
great error. It can be seen that coefficient A is positive for C(3) and C(5) and negative
for the other atoms, the greatest absolute values corresponding to the nitro group
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TABLE I
Individual atomic contributions to LUMOQ. Partial net atomic populations values (C2)
. Atom
Nitrofuran
compound Cl) C2 C3) C4 CGB)y NI N2 NGB on 012 . o3
NF-triazole 0.1297 0.0545 0.0884 0.1444 0.1488 0.0292 0.2041 0.0003 0.0186 0.0193 0.0789

NF-triazole(I) 0.1258 0.0558 0.0834 0.1403 0.1470 0.0298 0.1894 0.0000 0.0187 0.0192 0.0762
NF-triazole(II) 0.1287 0.0669 0.0752 0.1448 0.1334 0.0352 0.1633 0.0000 0.0214 0.0216 0.0770
NF-pyrazole 0.1361 0.0710 0.0755 0.1590 0.1221 0.0376 0.1744 0.0000 0.0225 0.0233 0.0833
NF-benzimidazole 0.1285 0.0678 0.0714 0.1566 0.1115 0.0357 0.1909 0.0036 0.0213 0.0221 0.0800
Nitrofurazone 0.1587 0.1075 0.0609 0.1927 0.0789 0.0560 0.1518 0.0047 0.0313 0.0325 0.0959
Nifurtimox 0.1563 0.1076 0.0587 0.1967 0.0666 0.0548 0.1622 0.0103 0.0307 0.0317 0.0949

Nitrofuran compound atoms numbered as in Figure 2; values in normalized probability units. Other
conditions as described under methods.

oxygen atoms. The negative coefficients show that introduction of an aromatic
nitrogen heterocycle into the molecule causes electron withdrawal from the nitro
group atoms, and to a lesser degree from C(1), C(2), C(4) and O(3), depending on the
structure of the non-nitrofuran group. Electron density diminution on the nitro group
would contribute to the increased electron affinity of the neutral molecule, as indicated
by the relatively high spin density on the nitro anion radical of nifurtimox analogues.’

Calculation of net charge distribution afforded further information on the electronic
properties of nitrofuran derivatives. Table IV shows that positive charges are distri-
buted over N(1), N(3), C(4) and O(3), the N(1) charge being the largest (> 1.3 electron
units). Negative charges are distributed over the other atoms, the largest (> 0.5
electron units) being on O(1) and O(2). As a result of charge differences, the nitro
group positive charge should be about 0.17 electron units, which taken together with
the relatively low local electron density, favors its function as one-electron acceptor

TABLE 11
Influence of individual atomic contribution to the LUMO on nitrofuran molecular activity. Ascorbate
assay

. Coefficient

Nitrofuran

atom A B R
c) —127 £ 26 20 +£03 - 0.89
C(2) —82+ 14 09 + 03 —0.96
C(3) 19.6 + 2.6 —-12 4+ 03 0.98
cé4 -78 + 14 1.5 £ 03 -095
C(5) 58 +£ 0.5 1.5 £ 03 0.98
N(1) —16.5 + 28 04 + 0.3 —0.96
N(2) 71 + 24 —09 £ 0.6 0.67
N@3) NC NC -
o(l) —~342 + 43 1.0 + 0.3 —0.95
02) —378 + 4.0 1.0 £ 0.3 —0.95
0(3) -21.1 + 3.8 20 £ 03 —0.91

Nitrofuran molecular activity values’ (umol O,/min per pmol nitrofuran) and partial net atomic
population values C? frum Table I were introduced in Equation ¥ = 4AX + B, as Y and X, respectively.
Coefficients A and B (+ S.D.M.) were calculated using linear statistics; R, correlation coefficient; NC, not
calculated. Other conditions were as described under Methods and in Reference7. In all cases P < 0.01
except N(2) were P < 0.10.
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TABLE III

Influence of individual atomic contributions to the LUMO on nitrofuran molecular activity. LipDH assay
Coefficient

Nitrofuran
atom A B R
C(1) -59 1+ 11 98 + 0.6 —0.96
C(2) —38 %6 45+ 0.5 —0.97
C(3) 95 + 12 -52+ 10 0.98
C(4) —38+ 5 7.8 + 1.0 —0.98
C(5) 27+ 6 -1.6 + 0.7 0.94
N —85 + 14 49 + 1.2 -0.97
N(2) 40 + 16 —58 + 3.1 0.81
N(3) NC NC
o) —162 + 24 54 + 0.7 —0.97
0Q2) —155 + 24 54 + 07 -0.97
0(3) —105 + 14 105 + 1.2 —0.98

O, production values® (umol O; /min/(mg LipDH x umol nitrofuran)) and partial net atomic popula-
tion Values C2 from Table I were analyzed as described in Table 1I legend. Other conditions were as
described under Methods and in Reference S. In all cases P < 0.01 except N(2) where P < 0.05.

for producing the nitroanion radical. The positive charge on N(3), allows one to
establish a significant difference between compounds, since it is large in compounds
bearing unsaturated nitrogen heterocycles, small in nitrofurazone and negative in
nifurtimox (Table IV). Correlation of N(3) charge (Qy,) with nitrofuran molecular
activity yielded Eq. (4)

NMA = 1.36 Qug + 0.02 4

(ascorbate assay,” R = 0.93, P < 0.05, NMA data from Reference,’ Qxg data from
Table IV) and Eq. (5)

(O]) = 6.99 Qus + 0.39 )

(LipDH assay,’ R = 0.94, P < 0.05, (O;) data from Reference,’ Qy, data from
Table 1V; units as in Eqs. (1) and (2). Atomic charge difference may also contribute
to effects not involving the nitrofuran redox-cycling, such as glutathione reductase
inhibition. With this enzyme, the triazole and benzimidazole derivatives are more
active inhibitors than nifurtimox and nitrofurazone, as shown by their I, inhibitory
concetrations: 4.4-7.3 uM for the former compounds and 55-65 for the latter.

The QSAR analysis of the antichagasic nitrofurans also involved their action on
T. cruzi growth. Generally speaking, compounds with greater negative LUMO ener-
gies proved to be more effective inhibitors of parasite growth,'® as shown by their I,
values (uM): NF-triazole, 8.3; NF-triazole(I), 1.9; NF-triazole(Il), 1.3; NF-benzi-
midazole, 1.5; NF-pyrazole, 2.1; nifurtimox, 31 and nitrofurazone, 39). Nevertheless,
within the group of compounds bearing unsaturated nitrogen heterocycles, LUMO
energy and inhibitory effect correlate at a relatively low probability level. This
discrepancy suggests the contribution of other inhibitory mechanisms, such as hydro-
phobic, charge and connectivity effects.'™'"" As regards hydrophobicity, it seems
pertinent to recall that NF-triazole(I) and NF-triazole(IT) are much more hydrophobic
than NF-triazole,'”® a condition which may explain the relatively greater activity of the
former compounds on LipDH,’ the microsmal NADPH-dehydrogenase system® and
T. cruzi.” In the LipDH, the flavin is bound in a hydrophobic milieu and, then, the
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nitroanion radical of the substituted NF-triazoles would more easily react with
oxygen than the less hydrophic nitroanion of the parent compound.'® Hydrophobic
effects are not apparent in systems excluding hydrophobic domains or membranes
(Figure 3), as proved by the low activity of nifurtimox, a strongly hydrophobic
nitrofuran.'® These results fit in well with previous observations by Lopez de Com-
padre et al.,'"" using other nitro aromatic compounds.

Summing up, substitution of nifurtimox tetrahydrothiazine moiety by aromatic
nitrogen heterocycles with two nitrogen atoms in f-position induced significant
changes in the electronic structure of the(nitrofurfurylidene)amino group. These
molecular modifications produce greater capability for oxyradical production,
enzyme inhibition and toxic or mutagenic effects, either in 7. cruzi,*"> Salmonella
typhimurium' or, eventually, the mammalian host. Toxicity for the mammalian host
may involve inhibition of enzymes catalysing detoxication mechanisms, such as
glutathione reductase and the microsomal NADPH-dependent monooxygenase sys-
tem.® These effects can outweigh' apparent advantages resulting from the
enhanced activity of nifurtimox analogues on T. cruzi in vitro.*"
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