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Abstract

The mechanism for reduction of nitroaromatic compounds by flavin mononucleotide (FMN) was examined at
MPWB1K/tzvp level. The solvent effects were calculated using a PCM(Pauling) and SMD(Pauling) solvation models
for ions and neutral molecules, respectively. Calculated thermodynamics of the reduction of nitro group to nitroso
group suggests consequtive four-steps’ process (electron-proton-electron-proton transfer) where the first proton
comes from solution, while the second one - from FMN. Water molecule releases during fourth step of the process.
Electron attachment to nitrocompound and electron lose by reduced FMN facilitate the breaking of N-O bond and
proton release, respectively. Calculations show that reduction of nitro group to nitroso group in studied
nitrocompounds is a thermodynamically feasible with 56-59 kcal/mol Gibbs free energy release. The most easy
electron transfer proceeds for TNT (2,4,6-trinitrotoluene) and NTO (5-nitro-2,4-dihydro-3H-1,2,4-triazol-3-one).
While the most energy release occurs during proton transfer in case of ANTA (5-amino-3-nitro-1H-1,2,4-triazole).
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ABOXEJIEKTPOHHE BIJHOBJIEHHA HITPOAPOMATHYHHUX CIIOJIYK
®JIABIHMOHOHYKJ/JIEOTUAOM. T®I' PO3PAXYHKOBE AOCJ/JIAXEHHA

Jlrogmuna K. Ceatenko®,12 JleoHiz ['op6,3 Ceprit 1. OkoBuTHH,12 €U JIeLMHCbKU A2

l,ZIHinponempoecbxuﬁ HayioHaabHull yHigepcumem imeni Osaecsi ['oHuapa, npocn. I'azapiuna, 72,
JHinponemposcek, 49010, Ykpaina
2MixcoucyunaiHapHuli yeHmp HaHomokcu4Hocmi, /lxcekcoHcokull depicasHull yHieepcumenn,
sy1. Jlinu, 1400, [JxcexcoH, Miccicini, 39217, CLLIA
3HX5, LLC, sysa. Manop /lpatis, 3530, Bikc6ype, Miccicini, 39180, CLIA

AHoTalif

Po3r/iiHyTO MexaHi3M BiJHOBJIEHHA HITPOapOMaTH4YHUX cnoJiyK ¢aaBiHMoHOHYyKaeoTuaoM (PMH) mertoaom
MPWB1K/tzvp. ByinB po3YMHHUKA BpPaXOBaHO ILJIAXOM 3aCTOCYyBaHHsS coJjbBaTHHX Mogenein PCM(Pauling) i
SMD(Pauling) BianoBigHo A ioHIB i HelTpajbHUX MoJeKy/l. Po3paxoBaHa TepMoOAUHaMiKa BiJHOBJIEHHS
HiTporpynu B HiTposorpymy nepeja6aya€ NOC/JAiZOBHMH YOTUPbOXCTAJiWHUN mpouec (mepeHeceHHsl eJIeKTPOHA-
NpPOTOHA-e/JIeKTPOHA-NPOTOHA), B AKOMY Nepmuil NPOTOH HaAXOAUTH 3 PO34YHUHY, B TOH 4ac fAK Apyrui - Big ®MH.
MoJieKy/1a BOAHM BUAINAETHCA MiJ Yac 4eTBepTOi cTaAii mpouecy. [IpueaHaHHA eJleKTPOHA 0 HITPOCHOJIYK i Bigaaya
eJIeKTpOHa BigHOBIeHOI0 popMmoro PMH BianoBigHO nosiermye po3puB N-O 3B'43Ky i BijllenjieHHA NPOTOHA. 3rigHO
pPO3paxyHKy, BiJHOBJIEHHSl HITPOTPyNHU A0 HIiTPO30rpynu y AOCHiJ)KyBaHUX HITPOCNOJyKax - Ile TepMOJANHAMi4YHO
BUTiJHUHM Tipounec 3 BHJiIJIeHHAM 56-59 kkaji/Mosib BisbHOI eHeprii li66ca. Haii6isbm j1erko mnepeHeceHH:A
eJeKTpoHiB BiaGyBaeTrbca A TNT (2,4,6-tpuniTpoToayeH) i NTO (5-niTpo-2,4-gurigpo-3H-1,2,4-Tpua3osi-3-oH). ¥
TOM 4Yac sIK Haii6isblle BUBi/IbHEHHA eHeprii BiAGyBaeTbcA MiJ 4Yac nmepeHeceHHs NMPOTOHa y Bumaaky ANTA
(5-amino-3-HiTpo-1H-1,2,4-TpHaszo.).

Karouosi cnosa: HiITpoapoMaTUUHI CIONYKY; BijHOBIeHHS; ¢piaBiHMOHOHYKJIeoTus; TOT.
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ABYXJ3JIEKTPOHHOE BOCCTAHOBJIEHUE HUTPOAPOMATHYECKHX
COEAJUHEHHUHU ®JABUHMOHOHYKJIEOTHAOM. T®II PACYHETHOE
NCCJIEJOBAHUE
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/JlHenponemposck, 49010, YkpauHa
2MexcducyunauHapHbIl yeHmp HaHOMokKcuyHocmu, /{jcekcoHcbKuli 2ocydapcmeeHHblll yHuUgepcumem,
ya. Jluny, 1400, [incekcon, Muccucunu, 39217, CLIA
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AHHoTauga

PaccMoTpeH MexaHHM3M BOCCTAaHOBJIEHMS HHUTPOAapOMaTH4YeCKHUX cOeJAVHeHUil (paBMHMOHOHyK/JAeoTuaoMm (PMH)
metoaoM MPWB1K/tzvp. BinsiHue pacTBopuTeJisi yYTEHO MyTeM NPUMEHEHUsA COJIbBAaTHbIX MoJeJieil PCM (Pauling)
u SMD (Pauling) cooTBeTCTBEHHO AJi1 MOHOB M HeHTpa/JbHbIX MOJIeKy/. PaccyuTaHHas TepMOJMHAMHUKaA
BOCCTAaHOBJIEHHS] HUTPOTPYNNLI B HUTPO30TpyNIy NpeAro/araeT nocjaeAoBaTe/IbHbIA YeThIpeXCTaAuNHbBIN Npoiecc
(mepeHoC 3JIEKTPOHA-NPOTOHA-3/IEKTPOHA-NPOTOHA), B KOTOPOM IepBblii NPOTOH NPUXOAUT M3 pacTBOpa, B TO
BpeMs KaK BTopoi - oT ®MH. MoJiekyJia BOAbI BblJeJIsIeTCA BO BpeMs YeTBepToil cTaauM npouecca. [ipucoeaunenue
3JIeKTPOHAa K HUTPOCOEeAUHEHHIO U OTJay4a 3JIeKTPOHAa BOCCTAaHOBJIeHHO# ¢popmoii PMH o61er4aetT cCOOTBETCTBEHHO
paspbiB N-O cBA3H Y OTIIeIIeHHe NPOTOHa. CorjlacHO pacyeTa, BOCCTAHOBJIeHHEe HUTPOTPYNINbI 0 HUTPO3OTrPYNIIbI
B McCJ/IeJyeMbIX HUTPOCOeAMHEHUH - 3TO TepMOAUHAMHUYECKH BbITOAHBIN NpoLecc ¢ Bblje/ieHueM 56-59 KKaJ1/MoJb
CcB060AHOI 3Hepruu I'n66ca. Hau6oJ1ee Jierko nepeHoc 3JieKTpoHoB npoucxoaut s TNT (2,4,6-TpPMHUTPOTOJIYO0JI)
u NTO (5-HuTpo-2,4-murugpo-3H-1,2,4-rpuazon-3-oH). B To BpeMsa Kak HauGoJibliee BbICBOGOXKJEeHHE IHEPruu
NPOMCXOAUT BO BpeMs NepeHoca NpoToHa B ciaydyae ANTA (5-amuHo-3-HuTpo-1H-1,2,4-TpuasoJ).

Karuesble c106a: HUTpoapoMaTHYeCKHE COeIMHEHNS; BOCCTaHOBIeHUe; GlaBUHMOHOHYKIeoTH ; TOII.

Introduction

Nitroaromatic compounds, encountered in
drugs, dyes, and explosives, represent a group of
hazardous contaminants which could be
dispersed in the environment during production,
processing, destruction, and recycling. One of the
ways to clean out the environment from these
contaminants is enzymatic reduction by oxygen-
insensitive nitroreductase. This enzyme contains
flavin mononucleotide (FMN) cofactor, and uses a
nicotinamide adenine dinucleotide phosphate
(NADPH) as initial electron-proton donor [1-3].
First, NADPH binds to the enzyme and donates
two electrons and one proton to the FMN
cofactor, which transforms to the FMNH- form.
NADP+ is then released, allowing the opportunity
for the substrate to bind to the active site of the
reduced enzyme and thereby be reduced itself
[3]- The reduction of one nitro group to the amino
group requires six electrons and six protons and
occurs through highly reactive nitroso and
hydroxylamino intermediates. The reduction of
nitro group to nitroso group proceeds via the two
hydride transfers, which involve the addition of
two protons and two electrons, and release of one
water molecule. Traditionally, hydride transfer is
considered to be the concerted transfer of one
proton and two electrons from the same source;
in this case, the FMNH-. The addition of the
proton from solution may occur either before or
after this hydride transfer.

There are two points on the mechanism of
nitrocompound reduction. The first one assumes

sequential electron and proton transfer [4]. The
second one suggests a two electrons and then
two protons transfer [5]. In this study, we
modeled the two-electron reduction of the nitro
group to the nitroso group for such
nitrocompounds as 2,4-dinitroanisole (DNAN),
2,4-dinitrotoluene (DNT), trinitrotoluene (TNT),
5-nitro-2,4-dihydro-3H-1,2,4-triazol-3-one (NTO),
5-amino-3-nitro-1H-1,2,4-triazole (ANTA). This
will help to clarify the pathway for the reduction
of these powerful energetic compounds by
nitroreductase of FMN family.

Computational Methodology

All of the calculations were performed using
the Gaussian 09 program package [6]. The
geometry of neutral, radical, and ionic species
were optimized using the Density Functional
Theory at the MPWB1K/tzvp level [7; 8]. The
present functional and basis set were chosen
because of the results of the recent study where
such level of theory was able to provide accuracy
close to that obtained by experimental
measurements [9]. Harmonic vibrational
frequencies were calculated for all structures
obtained, to establish that a minimum was
observed. The solvent effects were assessed by
calculations using a PCM(Pauling) and
SMD(Pauling) solvation models for ions and
neutral molecules calculations, respectively
[10; 11]. In all cases, the ribityl tail of the FMN
was replaced with a methyl group in order to
decrease computation time.
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Results and Discussion

To provide insight into the mechanism of
nitrocompound reduction by FMN we
investigated two cases of initial step for the
process. The first one is an electron transfer from
FMNH- to nitrocompound, the second one is a
proton attaching to nitrocompound. In case of
NTO the calculation shows that the electron
transfer is 16 kcal/mol more favorable than the
proton attaching (from reduced FMN or solution)
to NTO. Therefore, further modeling of the
reduction process used electron transfer as an
initial step for reduction.

Next, we examined the sequences of electrons
and protons transfer using NTO as an example of
nitrocompound. Three models (A, B, C) were
investigated. In models A and B reduction occurs
by consecutive attaching to NTO the first

electron, the first proton, the second electron, and
the second proton. In model A the first proton
transfer occurs from FMN, the second one - from
aqueous solution. In model B the first proton
transfer occurs from aqueous solution, the
second one - from FMN. In model C occurs
through an initial transfer two electrons and then
two protons. Solvated proton (hydronium Hz0+)
was used to approximate calculated results to
experimental conditions. It should be noted, that
the loss of a water molecule from nitrocompound
occurs simultaneously with second proton
transfer (step 4). Obtained results show that the
most favourable pathway is B, indicating that the
proton from FMN is transferred after NTO
obtains a proton from solution (Table 1). This
model was further applied for reduction of
DNAN, DNT, TNT, and ANTA (Table 2).

Table 1
Gibbs free energy of reaction steps for reduction of NTO by reduced FMN
Step Model A Transfer to NTO  AG, kcal/mol
1A NTO + FMNH-—-NTO-+ FMNH- e -8.80
2A NTO-+ FMNH— NTO-H+ FMN- H+ 15.54
3A NTO-H+ FMN-— NTO-H-+ FMN e -8.63
4A NTO-H-+ H30* — NO-TO+2H20 H* -57.65
Model B
1B NTO + FMNH-—-NTO-+ FMNH- e -8.80
2B NTO-+ H30* - NTO-H+H20 H* -16.55
3B NTO-H+ FMNH— NTO-H-+ FMNH+ e 492
4B NTO-H-+ FMNH*— NO-TO + H20 + FMN H+ -39.09
Model C
1C NTO + FMNH-—-NTO-+ FMNH- e -8.80
2C NTO-+ FMNH— NTO2-+ FMNH* e 40.56
3C NTO2-+ FMNH*— NTO-H-+ FMN H+ -33.64
4C NTO-H-+ H30* - NO-TO+2H20 H+ -57.65
1-4 (all models) NTO + FMNH-+ H30* —> NO-TO+2H20 + FMN -59.53
Table 2

Gibbs free energy of reaction steps for reduction of ANTA, DNAN, DNT, and TNT by reduced FMN

Transfer to

Step Model B . AG, kcal/mol
nitrocompound
1B ANTA + FMNH-— ANTA-+ FMNH- e 2.05
2B ANTA -+ H30* - ANTA-H+H20 H+* -24.42
3B ANTA-H+ FMNH— ANTA-H-+ FMNH+* e 14.79
4B ANTA-H-+ FMNH*— NO-ATA + H20 + FMN H+ -51.40
1B-4B  ANTA + FMNH-+ H30* — NO-ATA +2H20 + FMN -58.98
1B DNAN + FMNH-— DNAN-+ FMNH- e -2.74
2B DNAN -+ H30* - DNAN-H+H20 H+ -18.14
3B DNAN-H+ FMNH— DNAN-H-+ FMNH+* e 7.37
4B DNAN-H-+ FMNH*— 2-N0O-4-NOz2-AN + H20 + FMN H+ -45.62
1B-4B  DNAN + FMNH-+ H30* — 2-NO-4-NO2-AN +2H20 + FMN -59.13
1B DNT + FMNH-— DNT -+ FMNH- e -3.28
2B DNT -+ H30* - DNT-H+H:0 H+ -18.30
3B DNT-H+ FMNH'— DNT-H-+ FMNH+* e 10.07
4B DNT-H-+ FMNH*— 4-NO-2-NT + H20 + FMN H+ -45.22
1B-4B  DNT + FMNH-+ H30* — 4-NO-2-NT +2H20 + FMN -56.74
1B TNT + FMNH-— TNT -+ FMNH- e -10.16
2B TNT -+ H30* - TNT-H+H20 H+ -13.28
3B TNT-H+ FMNH— TNT-H-+ FMNH+* e 3.63
4B TNT-H-+ FMNH*— 4-NO-2,6-DNT + H20 + FMN H+ -38.19
1B-4B  TNT + FMNH-+ H30* — 4-NO-2,6-DNT +2H20 + FMN -58.00
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Calculations show that reduction of nitro
group to nitroso group in NTO, DNAN, DNT, TNT,
and ANTA is a thermodynamically feasible with
56-59 kcal/mol free energy release (Tables 1, 2).
The only endothermic step is the second electron
transfer. The most exothermic step is the second
proton attaching with elimination of water
molecule. Structure of the nitrocompounds
affects on ability to attach an electron or proton.
The most easy electron transfer proceeds for
TNT, while the most hard an attaching of electron
occurs for ANTA. While the energy release, as a
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results of proton attachment, is the most in case
of ANTA among studied compounds.

Optimized structures of the reactive species
on the 2e/2H* reduction pathway of
nitrocompounds and 2e-/1H* oxidation pathway
of FMNH- are displayed in Figs. 1, 2, S1-S4. As can
be seen from Fig. 1 electron transfer reflects on
lengthening of N-O bonds by 0.08-0.11 A that
implies the activation for the N-O bond breaking
in NTO. While electron lose causes shortening of
N-C bond in FMN from 1.41 A through 1.34 A to
1.29 A, that facilitates the proton release.
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Fig. 1. Optimized structures of the reactive species on the 2e-/2H* reduction pathway of NTO

Fig. 2. Optimized structures of the reactive species on the 2e-/1H* oxidation pathway of FMNH-
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Conclusions

Reduction mechanism of nitro group to
nitroso group for NTO, DNAN, DNT, TNT, and
ANTA by FMN was studied at MPWB1K/tzvp
level. Calculations show that mechanism consists
of consecutive electron and proton transfers. The
order of proton transfer is critical: the first
proton transfer occurs from aqueous solution, the
second one - from FMN. Overall process for
studied compounds is accompanied of
56-59 kcal/mol free energy release. Electron
attaching reflects in increasing of N-O bond
length in nitrocompounds that is facilitates its
breaking. While electron losing causes decrease
of C-N bond length in FMN that is promotes
proton elimination.
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