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Nitroreductases catalyse the NAD(P)H-dependent nitro reduction in nitrofuran antibiotics,
which activates them into cytotoxic molecules leading to cell death. The design of new
effective nitrofuran antibiotics relies on knowledge of the kinetic mechanism and nitrofuran binding mode of microbial nitroreductases NfsA and NfsB. This has been hampered
by multiple co-crystallisation studies revealing ligand binding in non-electron transfer
competent states. In a recent study by Day et al. (2021) the authors investigated the likely
reaction mechanism and mode of nitrofurantoin binding to NfsA using potentiometry,
global kinetics analysis, crystallography and molecular dynamics simulations. Their ﬁndings suggest nitrofurantoin reduction proceeds via a direct hydride transfer from reduced
FMN, while the crystallographic binding orientation is an inhibitory complex. Molecular
dynamics simulations suggest ligand binding orientations is dependent on the oxidation
state of the FMN. This study highlights the importance of utilising computational studies
alongside traditional crystallographic approaches, when multiple stable ligand binding
orientations can occur.
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Nitroaromatics are a diverse array of primarily synthetic compounds [1,2] that are released into the
environment through industrial processes. These compounds include nitrofurans, nitrobenzenes and
nitropyrenes, and are commonly used as pesticides, explosives, pharmaceuticals, food additives and antimicrobial agents [3]. In vivo enzymatic degradation of these anthropogenic pollutants releases highly
reactive NOx species, which attack a variety of intracellular macromolecules [4]. Therefore, nitroaromatics are reputedly indirect toxins and carcinogens, and are considered to be very polluting [5,6].
Microbial degradation of nitroaromatics are primarily performed by two families of FMN-containing
nitroreductases (NRs), which catalyse the NAD(P)H-dependent reduction of a diverse range of nitroaromatic and nitro heterocyclic compounds [7]. Type I, or oxygen-insensitive NRs, catalyse nitro group
reduction in compounds such as nitrofurans, nitrobenzenes, nitroimidazoles and nitrotoluenes. This is
performed via the successive transfer of two electrons from NAD(P)H without free radical formation
[2,8]. These enzymes are further subdivided into two main sub-groups NfsA and NfsB, based on their
resemblance to Escherichia coli NRs [2,9]. NfsA preferentially uses NADPH as the coenzyme, while
NfsB can use either NADH or NADPH with similar afﬁnities [10,11]. Type II NRs are oxygen sensitive,
and reduce the nitro group of substrates aerobically by one-electron transfer to form a negatively
charged nitro group. This subsequently reacts with an oxygen molecule, yielding a superoxide radical
and reforming the original nitro substrate [12]. The accumulation of superoxide radicals from these
futile redox cycles leads to oxidative stress, although Type II NRs can also catalyse Type I-like
two-electron transfers under strictly anaerobic conditions [12].
A key medicinal role played by bacterial NfsA and NfsB homologues is the activation of antibiotics
and antimicrobial agents. Nitrofurantoin is a commonly prescribed antibiotic for urinary tract infections,
while nitrofurazone is used as a topical treatment for skin infections in burns patients [9,13]. Activation
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of these compounds by NRs is via the formation of nitroso compounds, which are later converted into the
respective hydroxylamine derivatives (Figure 1a) that attack a wide variety of biological macromolecules leading
to microbial cell death [14,15]. The production of cytotoxic hydroxylamines in vivo is also used in cancer gene
therapy (prodrug CB1954) [16], selective cell ablation [17–19] and explosives bioremediation [20,21].
While resistance to nitrofuran antibiotics remains low, their poor solubility limits their medicinal applications. Detailed structural analysis of the binding of nitrofurantoin and/or nitrofurazone to microbial nitroreductases NfsA/NfsB would greatly assist in facilitating the design of new soluble nitrofuran derivatives for
biomedical purposes. Until recently, crystal structures of E. coli NfsA [23] and seven other homologues were
available [24,25]. However, only one contained an active site ligand; the inhibitor NAD+. The crystal structure
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Figure 1. Activity and binding of antibiotics nitrofurantoin and nitrofurazone with nitroreductases NfsA and NfsB.
(A) Nitroreductase-catalysed reduction of the nitro-group to the nitroso and hydroxylamine moieties in nitrofurantoin [9]. Crystal
structure of the active site of (B) nitrofurazone-bound E. coli NfsB [4] in an inhibitory binding mode and (C) nitrofurantoin-bound
NfsA [9]. (D) Crystal structure of hydroquinone-bound NfsA [9] and (E) model of the active site of nitrofurantoin-bound NfsA in
active binding modes. For parts B–E, the images were generated in Chimera [22], with residues depicted in sticks with green
carbons, FMN with yellow carbons and the antibiotics with purple carbons. The FMN N5 and ligand nitro group N1 atoms are
indicated by transparent grey circles with labels in italics. The Protein Data Bank accession codes used to generate images B–
D were 1YKI, 7NB9 and 7NMP, respectively. The coordinates for a potential active conformation of reduced NfsA-nitrofurantoin
(E) was one of the models deposited in modelarchive (modelarchive.org.doi) as project ma-9z55z, which was kindly supplied
by Dr Eva I. Hyde and reproduced with permission [4,9,22].
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of nitrofurazone-bound E. coli NfsB is known, but the ligand is bound in an inhibitory conformation
(Figure 1b), with the nitro moiety too distant from the FMN N5 atom to facilitate hydride transfer [4]. Other
NfsB homologue co-crystal structures contained either cofactor derivatives or other ligands [26–28]. Therefore,
no known structures exist that show the mode of binding of nitrofuran antibiotics to either NfsA or NfsB in an
electron transfer competent state.
Progress in understanding the binding mode of nitrofurantoin to nitroreductases was seen in recent crystallographic, modelling and kinetics studies by Day et al. [9]. The crystal structure of nitrofurantoin-bound NfsA
was solved to a high resolution. Like previous studies, however, the antibiotic was bound in a ﬂipped or inactive
conformation with the furan ring near the FMN N5 atom instead of the nitro group (Figure 1c). A second, in
this case productive, structure was generated between NfsA and a product hydroquinone (Figure 1d), but this
ligand is unrelated to nitrofuran antibiotics.
This prevalence of ﬂipped binding orientations of substrates within co-crystal structures of NRs is also seen
in the unrelated FMN-containing Old Yellow Enzyme (OYE) family [29,30]. Examples include co-crystal
structures of pentaerythritol tetranitrate reductase (PETNR) with steroids [29] or hydroxy substituted
1-aryl-2-nitropropenes [30], and xenobiotic reductase A (XenA) bound with coumarin derivatives [31].
Interestingly, this family also catalyses nitro reduction in α- or β-alkyl-β-arylnitroalkenes as a side reaction to
the classical activated C=C reduction with the substrate bound in an alternate conformation [30,32]. In this
case, α,β-substituted arylnitroalkene nitro reduction usually proceeds via dehydration to the equivalent nitroso
intermediate, followed by alkene reduction and tautomerisation to form the oxime product [30]. Subsequent
steps yield an unstable imine species, which spontaneously hydrolyses to form a carbonyl compound and
ammonia, in what has been described as a biological equivalent of the Nef reaction [32]. This highlights two
unrelated families of enzymes that show multiple binding conformations of nitro-containing substrates, with
both containing FMN and catalysing nitro reduction, albeit with different ﬁnal products.
Alternate hypotheses have arisen to explain the prevalence of non-productive binding conformations seen within
co-crystal structures of FMN-containing oxidoreductases. One less favoured model for NRs is that an initial electron
transfer from FMN occurs instead of hydride transfer [33,34]. This would be followed by proton transfer from a
bound water molecule, with the subsequent transfer of a second electron and proton almost simultaneously. For
such a mechanism to occur, only the electron orbitals of FMN and the substrate need to overlap, suggesting the
crystal structure with the ligand in the ﬂipped orientation could potentially represent an active conformation. This
model was supported by early MD simulations of E. coli NfsB with prodrug 5-(aziridin-1-yl)-2,4-dinitrobenzamide
(CB1954) [33] and Enterobacter cloacae NR with nitrobenzene [35]. Later studies disputed this by showing small
kinetic H/D isotope effects with nitrobenzoate reduction. More recently, the redox potential of NfsA was determined, which found the two single electron transfer steps have redox potentials very close together (E1 = −272 ±
7 V and E2 = −268 ± 10 V) [9]. This suggests a simultaneous two-electron reduction is more likely over two single
electron transfer steps, although redox potentials can change with substrate presence.
The prevailing model for nitrofurantoin reduction by NfsA is a direct hydride transfer from the N5 of reduced
FMN to a nitro group oxygen atom [9]. This is consistent with earlier studies on the NfsA-catalysed reduction in
quinones and nitroaromatic compounds, which demonstrated a general ‘ping-pong’ reaction scheme, with
nitroaromatic substrate degradation showing a linear dependence on a single-electron reduction potential [36].
Studies further showed that data on the reduction in quinones by NfsA also supports a single-step hydride transfer mechanism [36]. Based on these observations, the ‘ﬂipped’ binding modes seen in NR co-crystal structures
would be indicative of stable non-reactive complexes that predominate when FMN is in the oxidised state [9].
Following NAD(P)H-dependent FMN reduction, the active conformation(s) may become more prevalent due to
electronic redistribution around the FMN. However, visualisation of this by the generation and cryo-trapping of
two-electron reduced anaerobic NR crystals soaked with a substrate analogue or product is likely to be technically
challenging, although this approach has been demonstrated for other enzyme systems [37].
Precedent for alterations in the active site architecture between oxidised and reduced FMN-containing
enzymes is seen with earlier crystallisation studies with PETNR [29]. The active site of two-electron reduced
PETNR showed the absence of an anion (e.g. acetate) normally seen in oxidised enzyme structures. This is consistent with an increased electron density in the pyrimidine moiety of FMN. In addition, there was a more pronounced butterﬂy bending of the isoalloxazine ring around the N5-N10 axis [29]. Taken together, both
structural and electronic changes in the active site environment upon FMN reduction may be sufﬁcient to
induce signiﬁcant changes in how ligands bind to the enzyme. This was demonstrated by X-ray crystallographic
and Raman spectroscopy studies of the Michaelis complex of both oxidised and reduced XenA in the presence
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of coumarin ligands [31]. In this case, crystal structures showed distinct differences in the orientation of 8hydroxycoumarin between the oxidised and reduced co-crystal structures, with both displaying a ﬂattened
structure. However, only the reduced complex displayed the rich vibrational band pattern between the reduced
ﬂavin and the substrate, which likely accelerates the reaction [31].
The use of computational approaches, such as molecular dynamics (MD) simulations [38,39], is becoming
common place as an alternative to investigating potential enzyme-ligand interactions in the absence of crystallographic data with ligands bound in a catalytically competent orientation. This approach was taken recently to
investigate a range of potential binding conformations of nitrofurantoin with oxidised and reduced forms of
NfsA. Initial MD simulations with the ‘ﬂipped’ nitrofurantoin-bound oxidised dimeric NfsA structure showed
the ligand orientation was maintained for over 200 nm in both monomers, suggesting the crystallographic
snapshot is a stable conformation [9]. Replication of the NfsA simulations with a reduced FMN showed that
neither monomer showed stable nitrofurantoin retention in the ﬂipped binding mode. This suggests that nitrofurantoin preferentially binds in different conformations within the oxidised and reduced states of NfsA [9].
These data are consistent with analogous MD simulations of E. cloacae NR with p-nitrobenzoate [27], which also
showed a difference in orientation of the ligand between the oxidised and reduced states of the enzyme [34].
A computational model of nitrofurantoin-bound reduced NfsA was generated that was consistent with a direct
hydride transfer mechanism (Figure 1e), with one of the nitro oxygen atoms of the substrate ∼3.6 Å from the N5
of FMNH− [9]. Molecular dynamics simulations showed the formation of multiple hydrogen bonds between the
protein and both the nitro group and the furan ring of the substrate. A good binding enthalpy of the complex
was calculated (max ∼ −22 kcal mol−1), however the exact distance between the N5 atom of FMNH− and the
nearest ligand nitro oxygen atom ﬂuctuated during the simulation [9]. The latter suggests either further improvements in the modelled orientation of the bound ligand are required, or a range of possible electron transfer competent states may be possible. However, given the poor retention of the crystallographically determined ligand
position during simulations with the reduced enzyme, this model could represent a realistic approximation of the
binding mode of nitrofurantoin to NfsA during the normal course of the reaction.
In conclusion, recognition of the role of the electronic state of cofactors in substrate binding adds an additional dimension to our understanding of the dynamics of ligand binding in NRs and other oxidoreductases.
Crystal structures give static ‘snapshots’ of enzyme-ligand states with some dynamic information. Contributions
by NMR solution structures and computational models can assist greatly when multiple conformational states
are apparent or suspected. Simulating ligand binding in both the oxidised and reduced forms of NRs could
inform on the relative likelihood of whether new analogues will act as substrates or inhibitors within the
reduced enzyme. For NR-dependent biomedical drug development, this collaborative approach is a valuable
addition to the toolbox for predicting potential active conformations and ranking the likely effectiveness of
newly designed target nitrofuran derivatives.
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