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The antibacterial activity of a series of structurally diverse nitroaro-
matic compounds (NACs) (nitrobenzene and nitroheterocyclic deriva-
tives) was estimated in terms of the minimum inhibitory concentrations
(MICs) against Gram-positive Staphylococcus aureus and Gram-neg-
ative Escherichia coli bacteria strains in vitro. The resultant log of
1/MICs (pMICs) was subjected to a quantitative structure-activity
relationship analysis (QSAR) using a set of molecular descriptors of
the compounds assessed by means of quantum mechanical computation
and other methods. The estimated pMIC values of NACs tentatively
increased with an increase in their electrophilic potency (in terms
of LUMO energy) along with the LUMO-HOMO energy gap (or
chemical hardness) towards both bacteria strains. No reliable con-
tribution of lipophilicity (octanol/water log P) of nitroaromatics
was found to both bacteria strains. The activity of NACs towards
S. aureus increased with an increase in their molecular weight and van
der Waals volume, and it also tended to increase with an increase in their
polar surface area (PSA) and in the number of hydrogen bond-acceptors
(HBAs), whereas using these descriptors against E. coli strain, no satis-
factory correlations were obtained. The activity of NACs towards both
bacteria strains showed a parabolic type dependence upon the highest
positive values of molecular electrostatic potentials (V) that might
partially be associated with the non-specific interaction of nitroaromat-
ics with the surfaces of the negatively charged envelopes of bacteria at
the initial stage of NACs’ action.
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INTRODUCTION

and many other industrial compounds. In addi-
tion, they are widely applied as pharmaceuticals,

Nitroaromatic compounds (NACs) represent one
of the largest groups of industrial chemicals used
for production of a wide spectrum of products,
including dyes, plastics, polymers, high energy
materials (explosives and propellants), pesticides,
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antimicrobial agents or food additives ([], and
refs. therein).

Amongst the multiple mechanisms of (cyto)
toxic and/or therapeutic action of NACs, their
electrophilic reactivity is widely agreed to be one
of the most important determinants. The pri-
mary steps of their reductive conversion involve
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the sequential single- and/or two-electron reduc-
tion of nitro group(s) via the formation of nitro-
radical, nitroso and hydroxylamine intermedi-
ates. The single-electron reduction of NACs to
nitroanion radicals is rapidly back-oxidized by
molecular oxygen concomitantly generating su-
peroxide along with other reactive oxygen spe-
cies (ROS) such as peroxide and hydroxyl radi-
cals causing damage to the cell components ([H,
H], and refs. therein). This reaction has frequently
been defined to be mediated by single-electron
transferring flavoenzymes, such as, for instance,
mammalian NADPH: cytochrome P-450 reduc-
tase, NADH: ubiquinone reductase or bacte-
rial oxygen-sensitive (Type II) nitroreductases as
found in Escherichia coli strains ([H, H], and refs.
therein). The two(four)-electron reduction of ni-
troaromatics, catalyzed by two-electron transfer-
ring flavoenzymes, such as mammalian NAD(P)
H: quinone reductase (DT-diaphorase, NQO1)
or xanthine oxidase, leads to generation of highly
reactive nitroso and hydroxylamine intermedi-
ates giving rise to the formation of their alkylating
products with nucleic acids and proteins [E].
The bacterial oxygen-insensitive (Type I) nitrore-
ductases also mediate these reactions ([E, ], and
refs. therein).

The (cyto)toxicity of nitroaromatics against
mammalian cells was often observed to increase
with an increase in their electron-accepting po-
tency (expressed in terms of the experimentally
measured single-electron reduction potentials
(E') or quantum mechanically assessed electro-
philic potencies) which implied that the reductive
activation of the compounds may be one of the as-
cendant mechanisms of their action ([],
and refs. therein). Many quantitative structure
activity relationship (QSAR) studies emphasized
the importance of lipophilic properties of NACs
which correlated with toxic effects of the com-
pounds as an additional descriptor on their elec-
trophilic potency ([], and refs. therein). Many
efforts have been made to model accute toxicity
of NACs applying a set of molecular descriptors,
such as the energies of the highest occupied (E
wo) and the lowest unoccupied (E ) molecular
orbitals, the LUMO-HOMO energy gap (AE ) (or
chemical hardness,n=E - E, . or softness,
S = 1/n), vertical and/or adiabatic ionization po-
tentials (IPs) and electron affinities (EAs), electro-

static densities, charges and potentials, molecular
area and/or volume, (topological) polar surface
area ((T)PSA), the numbers of hydrogen-bond
donor (HBD) or hydrogen-bond acceptor (HBA),
lipophilicity (log P and/or log D), a set of topo-
logical indices, etc. []. In addition, the ef-
forts have been made to explore the DFT-based
reactivity indices of nitroaromatics for prediction
of their toxicity, viz., the chemical hardness (n),
the chemical potential (u) (or electronegativity,
X = - ) and the electrophilicity (w) ([lé], and
refs. therein). The electrophilic potency (in terms
of E ;) along with the lipophilic and steric fac-
tors of NACs were found to be important deter-
minants of toxic effects of the compounds on
bacteria strains such as Salmonella typhimurium
(19, pd

In the present work, the activity of a series
of the diverse structure nitroaromatics, viz., ni-
trobenzene and nitrogen-containing nitroaromat-
ic compounds was assessed against Gram-positive
(Staphylococcus aureus ATCC 25923) and Gram-
negative (Escherichia coli ATCC 25922) bacteria
strains in vitro and the QSAR studies were per-
formed in an attempt to define possible links
between the toxic activity of nitroaromatics and
their molecular descriptors obtained by means of
quantum mechanical computation.

EXPERIMENTAL

Chemicals and bacteria strains. The model ni-
troaromatics (viz., nitrobenzene, 4-nitrobenzyl al-
cohol, 4-nitroacetophenone, 4-nitrobenzaldehyde,
1,2-, 1,3- and 1,4-dinitrobenzenes) were obtained
from Sigma-Adrich and used without further puri-
fication. 2,4,6-Trinitrophenyl-N-methyl-nitramine
(tetryl) was obtained following the method [@].
The N-containing heterocyclic nitrocompounds
3,6-dinitro-9H-carbazole (DNC), 1,3,6,8-tetrani-
tro-9H-carbazole (TNC), 4,5,6-trinitrobenzimida-
zol-2-one (TriNBO) and 4,5,6,7-tetranitrobenzimi-
dazol-2-one (TNBO) were synthesized according to
methods [], 3-nitro-1,2,4-triazole and 4(5)-ni-
troimidazole compounds were obtained as described
in []. Their purities and structures were veri-
fied by means of the melting points, and TLC, NMR
and IR analysis.

The Gram-negative Escherichia coli (ATCC
25922) and Gram-positive Staphylococcus aureus
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(ATCC 25923) bacteria strains were obtained from
the American Type Culture Collection (ATCC,
Manassas, VA, USA).

Viability testing. The antibacterial activity
of NACs was measured in accordance with
the method as described in [@]. The stock solu-
tions of the examined compounds were prepared
in dimethylsulfoxide (DMSO). For each bacteria
isolate, three to five colonies of the same mor-
phological appearance from the fresh agar dish
were selected, transferred to the tube contain-
ing 20 ml of a Mueller-Hinton growth medium
(Sigma-Aldrich, USA) and incubated at 37°C in
a shaker (225 r.p.m.) until bacteria optical den-
sity at 600 nm (OD_ ) reached ~0.4 optical unit
(~2 x 108 cells per mL). For each agar dish, 20 mL
agar (at ~50°C) was added to the container, in-
fused geometrically increasing concentrations
(a two-fold dilution series) of NACs, mixed well
and poured into a Petri dish. A control agar dish
without any substance was also used. The percent-
age of DMSO added to the agar dish did not exceed
2% (v/v). The bacterial suspensions were mixed,
adjusted to 10® cfu mL™' by vortexing and diluted
1:10. The final inoculum for the spot was adjusted
up to the desired cell density (~10*cfu per spot).
The agar plates were incubated at 37°C for 16 h
and the minimal inhibitory concentration (MIC)
was read. All assays were carried out at least in
triplicates for each concentration of NACs.

Computational details and statistical analy-
sis. The quantum mechanical computations of ni-
troaromatics used in this work were performed
using the Spartan 10’ software package (Wavefunc-
tion Inc., Version 1.1.0). Their structures were ini-
tially refined by the Merck Molecular Force Field
(MMFF) method, and further optimization was
conducted by the semi-empirical PM6 method fol-
lowed by the restricted Hartree Fock (RHF) method
with the 6-31 G (d, p) basis set. The final optimiza-
tion and assessment of the electronic and structural
parameters of the compounds were performed ap-
plying the B3LYP functional method in conjunction
with the CC-PVDZ basis set. At each computational
stage, the structures of the compounds were globally
optimized without symmetry restrictions, and their
stationary points were verified by the normal mode
analysis which yielded no imaginary frequencies,
implying that their structures correspond to a local
minimum of a potential energy surface.

The molecular electrostatic potentials (MEPs)
of the compounds used in this work were ob-
tained at the RB3LYP/CC-PVDZ level by taking
the surface of the contours of the electron density
(p(r) = 0.001 a.u. (electrons/bohr?)) [@, @] en-
compassing 98-99% of the total electronic charge.
The values of the logarithm of the octanol/water
partition coefficient (log P ) were calculated by
using the ACD/Labs package (Version CI10E41,
Build76694, Toronto, Canada).

The multiple regression and statistical analysis
were performed using the SigmaPlot 2000 (SPSS
Inc., Version 6.10) and Statistica (StatSoft Inc., Ver-
sion 8.0) packages.

RESULTS AND DISCUSSION

Table 1 provides a set of the calculated descriptors
of nitroaromatics used in the QSAR approach to
define the links with their biological activity:

(A) The energies of the lowest unoccupied mo-
lecular orbital (E_ ) and the highest occupied
molecular orbital (E ), characterizing the elec-
trophilic/electron-accepting and nucleophilic/
electron-donating potencies of the compounds,
respectively, which could be approximated to
the electron affinity (EA = -E ) and the ioni-
zation potential (IP = -E_ ). Note that E
values of nitroaromatics have previously been
observed to correlate well with single-electron re-
duction potentials as well as electrochemical peak
potentials of the compounds [, @];

(B) The LUMO-HOMO energy gap (AE,, ) or
chemical hardness (n = E, |, -E, ) or softness
(S = 1/n) of the compounds, which may serve as
a rough criterion of their thermodynamic stability
and reactivity ([@, @], and refs. therein);

(C) The structural and other descriptors of
molecules used for prediction of their perme-
ability, viz., the molecular weight (MW), the van
der Waals volume (vdWvol), the lipophilicity (oc-
tanol/water partition coefficient, log P), the po-
lar surface area (PSA), the number of hydrogen
bond-donors (HBDs) and hydrogen-bond accep-
tors (HBAs) ([@], and refs. therein).

In addition, [Table 1 provides the molecular
electrostatic potentials (MEPs) of nitroaromatics,
i.e. the highest (positive) potentials around the hy-
drogen atoms (V, ) and the lowest (negative)
potentials (V; ) over the oxygen atoms of nitro
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Table 1. The calculated molecular descriptors of NACs: the energy of the lowest molecular orbital (E
the energy of the highest occupied molecular orbital (E

HOMO)'

LUMO)'

the LUMO-HOMO energy gap (AE, ), the mo-

lecular weight (MW) and van der Walls volume (vdW), the 1-octanol/water partition coefficient (log P),
the polar surface area (PSA), the hydrogen bond-donor (HBD) and acceptor (HBA) counts, the most positive

(V o) @nd the most negative (V) electrostatic potentials of the molecular surface

No. Compound Fun_| B AE, | MW v:lW log P PfA I:II;I:/ Vs sl Vs e
eV A A? kJ/mol
1 1,3,5,8-Tetranitro-9H-carbazole -3.58 -7.79 421 3472 2690 252 161.0 1/13 187/-114
2 2,4,6-Triniterher?yI-N-methyI- -3.92 -821 429 287.1 216.5 149 1523 0/13 184/-116
nitramine

3 3,6-Dinitro-9H-carbazole -256 -6.84 428 2572 2269 3.18 89.6 1/7 297/-154
4 4,5,6-TriNBO -3.51 -7.39 3.88 269.1 1969 225 1477 2/12 313/-134
5 4,5,6,7-TNBO -430 -7.77 347 3141 2186 228 1842 2/15 277/-109
6 2,4,6-Trinitrotoluene -346 -845 499 2271 1816 168 1136 0/9 166/-108
7 3,4-Dinitrotoluene -289 -7.70 481 1821 1609 1.84 75.9 0/6 143/-142
8 1,4-Dinitrobenzene -348 -840 492 168.1 1425 137 77.7 0/6 106/-107
9 1,2-Dinitrobenzene -3.14 -846 532 168.1 1425 184 77.7 0/6 123/-126
10 2-Nitrobenzonitrile -3.09 -8.00 491 1481 1399 1.54 522 0/4 122/-157
11 4-Nitrobenzonitrile -3.20 -8.16 496 1619 1406 1.19 54.2 0/4 112/-133
12 4-Nitrobenzaldehyde -3.15 -761 446 151.1 1420 1.56 535 0/4 114/-120
13 1,3-Dinitrobenzene -3.14 -846 532 168.1 1425 1.62 77.7 0/6 123/-112
14 4-Nitroacetophenone -297 -738 441 1652 160.1 142 531 0/4 118/-130
15 4-Nitrobenzyl alcohol -244 -751 5.07 1531 1468 0.76 58.5 1/4 245/-130
16 Nitrobenzene -247 =770 532 1231 1210 195 389 0/3 90/-138
17 3-Nitro-1,2,4-triazole -3.15 -761 446 151.1 1420 -041 535 0/4 264/-165
18 4(5)-Nitro-imidazole -254 -732 478 1131 958 035 599 1/5 225/-133

groups. MEPs have been shown to be suitable for
prediction of non-covalent (largely electrostatic)
interaction of molecules [].

comprises the results in vitro of the an-
tibacterial activity of NACs, represented in terms
of the minimum inhibitory concentration (MIC)
along with the log of 1/MIC values (pMICs).
The compounds showed activity with MICs rang-
ing from 1.0 pg/mL (2.9 uM) for tetranitrocar-
bazole (TNC) against S. aureus to 1024 pg/mL
(44 mM) for nitrobenzene against both bac-
teria strains. The activity of NACs (in terms of
pMICs) tentatively increased with an increase in
their electrophilic/electron-accepting potency
(expressed in terms of the negative E val-
ues) against S. aureus (R = 0.64, F = 10.74), and
a higher regression was defined excluding TNBO
compound (5) (Eq. (1); R = 0.710, F = 14.70);
meanwhile, for the activity of NACs versus
E, .y 2gainst E. coli, valid regression was obtained

(Eq. (2); R = 0.72, F = 7.10) excluding NBO de-

rivatives (4 and 5) which showed a markedly
lower activity compared with their electrophilic
potency:

pMIC = -6.85 (+0.93) - 1.36 (+0.29) E, ., (1)
pMIC = -6.38 (+0.99) - 1.26 (+0.31) E, . (2)

A satisfactory regression was achieved
with respect to S. aureus strain by insertion of
the LUMO-HOMO energy gap (AE, ) as an ad-
ditional descriptor to E .- (Eq. (3); R = 0.791,
F =10.84), while a poor expression was obtained
towards E. coli strain (R = 0.48, F = 2.18) which
was improved excluding NBO derivatives (4 and
5) from the plot (Eq. (4); R =0.72, F = 7.10). These
results suggest that the electrophilic character of
nitroaromatics may contribute to their activity,
and the toxic effects of the compounds tend to
increase with a decrease in their LUMO-HOMO
gap, implying that the softer compounds may be
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Table 2. The minimum inhibitory concentration (MIC) values and activity in terms of -log MIC (pMIC) values

of nitroaromatic compounds against Staphylococcus aureus and Escherichia coli strains

S. aureus (ATCC 25923) E. coli (ATCC 25922)

No. Compound
pg/mL (pM) pMIC pg/mL (pM) pMIC
1 1,3,5,8-Tetranitro-9H-carbazole 1.0 (2.9) -0.46 4,0(11.5) -1.06
p  2AGTrinitrophenyl-N-methyl 8.0 (27.9) 145 16.0 (55.7) 126

nitramine
3 3,6-Dinitro-9H-carbazole 128.0 (497.7) -2.70 128.0 (497.7) -2.70
4 4,5,6-TriNBO 128.0 (475.7) -2.68 512.0(1902.7) -3.28
5 4,5,6,7-TNBO 64.0 (203.8) -2.41 254.0 (808.7) -2.91
6 2,4,6-Trinitrotoluene 64.0 (281.8) -2.45 16.0 (70.4) -1.85
7 3,4-Dinitrotoluene 128.0 (702.9) -2.85 256.0 (1405.8) -3.15
8 1,4-Dinitrobenzene 32.0(190.5) -2.28 8.0 (47.6) -1.68
9 1,2-Dinitrobenzene 256.0 (1524.0) -3.18 32.0(190.4) -2.28
10 2-Nitrobenzonitrile 64.0 (432.1) -2.64 4.0 (27.0) -1.43
11 4-Nitrobenzonitrile 64.0 (432.1) -2.59 512.0(3162.4) -3.50
12 4-Nitrobenzaldehyde 128.0 (847.7) -2.93 64.0 (423.6) -2.63
13 1,3-Dinitrobenzene 64.0 (380.7) -2.58 64.0 (380.7) -2.58
14 4-Nitroacetophenone 1024.0 (6200) -3.79 128.0 (775.1) -2.89
15 4-Nitrobenzyl alcohol 512.0 (3735) -3.52 512.0 (3735) -3.52
16 Nitrobenzene 1024.0 (4382) -3.92 1024.0 (4382) -3.92
17 3-Nitro-1,2,4-triazole 32.0(211.8) -2.33 128.0 (847.1) -2.93
18 4(5)-Nitro-imidazole 64.0 (565.9) -2.75 16.0 (141.5) -2.15

more susceptible to conversion to the reductive
intermediates that may cause the impairment of
cell functions:

pMIC = -3.14 (+2.30) - 1.26 (+0.33) E

LUMO

- 0.71 (£0.32) AE, , (3)

pMIC = —4.72 (+2.78) - 1.31 (+0.41) E

LUMO

- 0.37 (+0.34) AE, . (4)

The toxic activity of NACs against S. aureus
tended to increase with an increase in their mo-
lecular weight, MW (R = 0.710, F (1.16) = 16.00)
or van der Waals volume, VdWvol (R = 0.70,
F =12.70), and it tentatively increased with an in-
crease in PSA values (R = 0.68, F = 13.30) and in
the number of hydrogen-bond acceptors (R=0.70,
F =13.60). Satisfactory expressions were obtained
for the activity of NACs against S. aureus strain
versus E .~ in combination with the molecular
weight (Eq. (5); R = 0.81, F = 13.02) or van der

Waals volume (Eq. (6); R = 0.79, F = 11.96), ex-
cluding TNBO (compound 5) from the plots:

pMIC = -6.27 (£0.85) - 0.78 (+0.34) E +

LUMO

+0.006 (+£0.002) Mw, (5)

pMIC =-6.91 (+£0.83) - 0.95 (+0.31) E +

LUMO

+0.008 (+£0.004) VdWvol. (6)

Meanwhile, the pMICs of NACs against E. coli
did not show reliable links with these descriptors
applied as sole or additional indices to the electro-
philic potency of the compounds (data not shown).
These might partially be due to the cell envelope
structure of Gram-negative bacteria which is
more complex than that of Gram-positive bacteria
strains: the cell envelope of Gram-negative bacte-
ria strains is composed of a peptidoglycan layer
adjacent to a cytoplasmic membrane and an outer
membrane (OM) which may serve as a selective
permeation barrier for xenobiotic agents, whereas
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NO, H NO, H NO,
2,4, 6—Trinitrophe(r%);{[—rljl—)methyl—nitr amine 3 6-Dinitro-9H-carbazole (DNC) 1,3, 6,8-Tetranitro-9H-carbazole (TNC)
NO, g NO, g NO
ON N ON N H N N N ?

0 0
ON N ON N N NO, N
H No H H

4,5, 6-Trinitrobenzimidazol-2-one 4,5, 6,7-Trinitrobenzimidazol-2-one
(TNBO)

3-Nitro-1,2,4-triazole ~ 4(5)-Nitroimidazole

Fig. 1. The structural formulae of nitroaromatics used in the present work

Gram-positive bacteria strains including S. aureus
lack an OM ([], and refs. therein).

No reliable contribution of the lipophilic factor
of nitroaromatics was found against both bacteria
strains used in this work (data not shown).

Finally, the pMIC values of nitroaromatics
showed a parabolic dependence upon the high-
est positive values of the electrostatic potentials
of the compounds (Vs) ) against both bacte-
ria strains, with an initial rise and then a fall
in the pMIC values with an increase in V.

S, max

(Fig. a, b) which might be associated with a non-
specific (largely electrostatic) interaction of
the compounds with the surfaces of the negatively
charged bacteria envelopes; the highly negative-
ly charged nature of lypopolysaccharides (LPS)
of the outer leaflet of the Gram-negative strains
including E. coli confers an overall negative cell
envelope, whereas the negatively charged teichoic
acids (cell surface glycopolymers) are the major
constituents of Gram-positive bacteria strains in-
cluding S. aureus []. Applying V,  along

, max

a
0 —
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Fig. 2. The activity of nitroaromatics against S. aureus (a) and £. coli (b) strains versus the highest positive values of MEPs (V) at the elec-
tron density of 0.001 a.u. The numbers of the compounds are the same as given in Tables 1 or 2

max
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with the LUMO energy of NACs, the satisfactory
QSAR expressions were obtained against S. aureus
(Eq. (7); R=0.84 and F = 9.30) and E. coli (Eq. (8);
R=0.81and F = 8.70):

pMIC =-10.53 (+2.14) - 0.60 (+£0.30) E

LUMO +

+0.06 (£0.02) V,  ~1(x0.5)x 10*(V, Y (7)

pMIC = -11.69 (+2.04) - 0.76 (+0.36) E

LUMO +
+0.09 (0.03) V, . ~2(0.7) x 10 (V, )% (8)
CONCLUSIONS

In this work, the toxic effects of a series of diverse
structure nitroaromatics were estimated against
Gram-positive Staphylococcus aureus and Gram-
negative Escherichia coli bacteria in vitro, and QSAR
studies were performed applying a set of molecular
descriptors of the compounds assessed by means
of quantum mechanical computation. The electro-
philic character of nitroaromatics was observed to
be an important determinant of their toxic effects.
The pMICs of nitroaromatics towards S. aureus
showed a clear tendency to increase with an increase
in their molecular weight and volume, polar surface
area and the number of hydrogen bond-acceptors,
while these indices did not reveal reliable links with
the toxic effects of NACs on E. coli, indicating its sen-
sitivity to structural peculiarities of the compounds
which might partly be due to the more complex
structure of its cell envelope compared to that of S.
aureus strain. The activity of the compounds showed
a parabolic type dependence on the positive values
of molecular surface electrostatic potentials (VS’ )"
This could be associated with the non-specific (elec-
trostatic) interaction of nitroaromatics with the neg-
atively charged bacteria envelope at the initial stage
of their action. This study suggests that the molecu-
lar indices of the nitroaromatics used in this work
might be applied for tentative prediction of their
toxic effects on S. aureus strain.
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NITROAROMATINIU JUNGINIU
ANTIBAKTERINIO AKTYVUMO KIEKYBINIU
STRUKTUROS AKTYVUMO RYSIU TYRIMAI

Santrauka

Darbe tirti nitrobenzeno ir nitroheterocikliniy junginiy
aktyvumai prie$ Staphylococcus aureus (ATCC 25923) ir
Escherichia coli (ATCC 25922) bakterijas bei nustatyti
junginiy aktyvumo ir jy elektroniniy, struktaros ir kity
molekuliniy deskriptoriy galimi kiekybiniai struktaros-
aktyvumo rysiai.



