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ABSTRACT The global spread of multidrug-resistant enterobacteria warrants new
strategies to combat these pathogens. One possible approach is the reconsidera-
tion of “old” antimicrobials, which remain effective after decades of use. Syn-
thetic 5-nitrofurans such as furazolidone, nitrofurantoin, and nitrofurazone are such
a class of antimicrobial drugs. Recent epidemiological data showed a very low prev-
alence of resistance to this antimicrobial class among clinical Escherichia coli isolates
in various parts of the world, forecasting the increasing importance of its uses to
battle antibiotic-resistant enterobacteria. However, although they have had a long
history of clinical use, a detailed understanding of the 5-nitrofurans’ mechanisms of
action remains limited. Nitrofurans are known as prodrugs that are activated in E.
coli by reduction catalyzed by two redundant nitroreductases, NfsA and NfsB. Fura-
zolidone, nevertheless, retains relatively significant antibacterial activity in the
nitroreductase-deficient AnfsA AnfsB E. coli strain, indicating the presence of addi-
tional activating enzymes and/or antibacterial activity of the unreduced form. Using ge-
nome sequencing, genetic, biochemical, and bioinformatic approaches, we discovered a
novel 5-nitrofuran-activating enzyme, AhpF, in E. coli. The discovery of a new nitrofuran-
reducing enzyme opens new avenues for overcoming 5-nitrofuran resistance, such as
designing nitrofuran analogues with higher affinity for AhpF or screening for adjuvants
that enhance AhpF expression.
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he widespread global emergence of multidrug-resistant enterobacteria warrants

novel strategies to combat these pathogens (1, 2). One of the promising ap-
proaches is the reconsideration of “old” antimicrobials, which remain effective after
decades of use. Synthetic 5-nitrofurans are such a class of antimicrobial drugs (Fig. 1).
Typical examples of this group are furazolidone (FZ) used for treating bacterial diarrhea
and giardiasis (3) and as a component in combinatorial therapy for Helicobacter pylori
infections (4), nitrofurantoin (NIT) for urinary tract infections, and nitrofurazone (NFZ2)
for skin infections (3). Recent epidemiological data illustrated that the prevalence of
resistance to 5-nitrofurans among clinical Escherichia coli isolates remains very low in
various parts of the world, including Peru (5, 6), Mexico (7), the United Kingdom (8),
Denmark (9), Germany (10), France (11), Iran (12), and China (13) to name a few,
heralding the increasing importance of 5-nitrofurans to combat antibiotic-resistant
enterobacteria.

Though the 5-nitrofuran agents have had a long history of clinical use since their
introduction in the 1940s and 1950s (14), the knowledge about their mode of action is
far from complete. Taking E. coli as a model organism, 5-nitrofurans are prodrugs that
require reductive activation mediated by two type | oxygen-insensitive nitroreductases,
NfsA and NfsB, in a redundant manner to exert their antibacterial effects (15-18). The
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FIG 1 Molecular structures of the 5-nitrofuran antimicrobial agents.

minor nitroreductase NfsB is a 24-kDa flavoprotein which catalyzes the reduction of
5-nitrofuran prodrugs into nitroso and hydroxylamino-substituted products using both
NADH and NADPH as reducing equivalents (19, 20). The transfer of electrons from
NAD(P)H to 5-nitrofuran catalyzed by NfsB occurs via a ping-pong bi-bi mechanism,
where the electron donor (NADPH or NADH) reduces the flavin mononucleotide (FMN)
cofactor of the NfsB enzyme (ping), which in turn reduces the 5-nitrofuran substrate
(pong). Overall, two reactants, NAD(P)H and 5-nitrofuran, give rise to two products,
NAD(P)* and the nitroso derivative (two-two or bi-bi). The flavoprotein NfsA (27 kDa) is
NADPH dependent and has a dominant role in activating 5-nitrofuran drugs in E. coli,
sharing the same ping-pong bi-bi mechanism of reduction with NfsB (21). The final
product of NfsA-catalyzed reduction, however, remains uncharacterized. It is still un-
certain what the reactive intermediates of 5-nitrofuran activation by NfsA or NfsB
responsible for antibacterial effects are and what their cellular targets are. Diverse
effects have been reported, including the triggering of DNA lesions, induction of
oxidative stress, and inhibition of the biosynthesis of RNAs and proteins (22-26).
However, it is unknown whether these macromolecules (DNA, RNA, and proteins) are
directly modified by the reactive intermediates derived from 5-nitrofurans or whether
the cellular machineries that carry out replication, transcription, and translation are the
primary targets.

Oxygen-sensitive nitroreductase activity (or type Il) was also detected in E. coli
extracts by using biochemical assays in 1979 (27). This activity involves the one-electron
reduction of the 5-nitrofuran drug intro a nitro anion free radical, which is oxidized back
into the initial prodrug by oxygen, with generation of superoxide as a result. However,
the gene(s) responsible for this activity and the extent of the contribution by this
pathway to 5-nitrofuran activation have not been identified.

FZ retains relatively significant antibacterial activity in the nitroreductase-deficient
AnfsA AnfsB E. coli strain, indicating the presence of additional activating enzymes
and/or antibacterial activity of the unreduced FZ. Using genome sequencing, genetic,
biochemical, and bioinformatic approaches, we identified a new enzyme, AhpF, that
plays a role in activating FZ and two closely related drugs, NIT and NFZ, in E. coli.

RESULTS

Mutations in ahpF associated with enhanced FZ resistance. Guided by the
observation that FZ retained relatively significant antibacterial activity in the AnfsA
AnfsB nitroreductase-deficient E. coli K-12 strain, we hypothesized that there are
alternative activation enzyme(s) present in E. coli and/or that the unreduced form of FZ
has E. coli-inhibitory properties. To examine these hypotheses, 15 independent E. coli
spontaneous mutants were selected from the AnfsA AnfsB nitroreductase-deficient
strain at the FZ concentration (40 pg/ml) that kills the parental strain. It is worth noting
that among three FZ concentrations we used for selecting resistant mutants (40, 48,
and 56 ug/ml), no colonies were observed on the plates containing 48 or 56 wg/ml,
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TABLE 1 List of ahpF variants found in the E. coli mutants having increased FZ resistance

Mutant Location of the mutation Predicted mutational change
FZ08e 1426_1432delTGCGAAA Frameshift downstream of Cys476
FZ10@ C1180T Stop gained, GIn394—stop codon
FZ11a IS7 insertion after the 1,029th nucleotide Loss of function

FZ12a C680A Missense, Ala227Glu

FZ13a 1430_1447delAAACCAACGTGAAAGGCG In-frame deletion, Glu477_Gly482del
FZ144 451delC Frameshift downstream of His151
FZ15¢ 766delG Frameshift downstream of Glu256
FZ162 G661T Missense, Gly221Cys

FzZ174 T838G Missense, Tyr280Asp

FZ18 C1428A Stop gained, Cys476—stop codon
FZ190 IST insertion after the 380th nucleotide Loss of function

FZ200 C220T Stop gained, GIn74—stop codon
Fz210 C677T Missense, Ala226Val

FZ22b C1180T Stop gained, GIn394—stop codon
FZ23° G661T Missense, Gly221Cys

aMutations were determined using the whole-genome sequencing and ahpF-specific Sanger sequencing.
bMutations were determined using Sanger sequencing of ahpF gene only.

even after 48 h of incubation. The mutation rate in the AnfsA AnfsB cultures to form
colonies on FZ-selective agar plates (40 ug/ml) was calculated to be 8.93 X 10~° per
cell per generation (95% confidence interval, 6.51 X 107° to 1.17 X 10~8).

All the E. coli mutants had the same MIC, of 20 wg/ml, which was higher than that
of the parental strain (16 ug/ml) in an agar dilution assay. Genomic DNA of the
FZ-resistant mutants was extracted and sequenced using the lllumina MiSeq platform
as described in Materials and Methods. Comparative genome sequence analyses iden-
tified changes in a single gene, ahpF, in all the mutants. The changes in ahpF included
13 different mutations (Table 1, Fig. 2). The ahpF mutations in these FZ" mutants were
further confirmed by analyzing the size and sequence of ahpF-specific PCR products
(see Fig. S1 in the supplemental material).

Given that all the mutants had the same MIC, and some carried major interruptions
to the coding sequence (an IST insertion in mutants FZ11 and FZ19, nonsense mutation
in FZ10 and FZ22, and frameshift mutations in FZ14 and FZ15), all the ahpF mutations
reported in this study were expected to result in a dysfunctional AhpF protein. This
inference is also supported by the fact that the mutated residues (Gly221, Ala226,
Ala227, and Tyr280) are highly conserved among the AhpF homologues according to
analyses of evolutionary conservation using two software packages, Consurf (28) and
SIFT (29) (see Fig. S2). Notably, the SIFT software takes into consideration the physical
properties of amino acid residues in homologous sequence analyses to predict the
impact of an amino acid substitution on the protein function, either tolerated or
deleterious (30). In this case, all four mutations (Gly221Cys, Ala226Val, Ala227Glu, and
Tyr280Asp) were predicted by SIFT to be deleterious to AhpF function with high
confidence.

To confirm that a loss of AhpF function was the cause of increased resistance to FZ,
a AahpF mutation was introduced into the parental AnfsA AnfsB strain by P1 transduc-

G221C Q394
L127 A226V  E256fs C476fs
A227E | Y280D
0{4 H1T1fs / T343 E477

N-terminal domain FAD domain
Linker 328 449 521

FIG 2 Mutations in the AhpF protein in FZ-resistant mutants. The AhpF protein consists of four regions:
The N-terminal domain (1 to 196), a linker (197 to 209), the FAD domain (210 to 327 and 450 to 521), and
the NADH domain (328 to 449). The types of mutations are described by colors: red, missense mutation;
blue, nonsense mutation; green, IST insertion; aqua, frameshift; purple, in-frame deletion of six codons.
The frequency of mutations is described by the size of the annotations: small, 1; large, 2.
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FIG 3 Confirmation of the AhpF role in FZ activation using knockout mutants and complementation. The
FZ susceptibility of the AahpF mutant in the nfsAB null background and AhpF-overexpressing strain via
an agar dilution assay (A) and broth microdilution assay (B). The E. coli K-12 strain BW25113 was used as
the wild-type strain. Expression of the ahpF gene was induced from a chimeric T5-lac promoter of
high-copy-number plasmid pCA24N:ahpF by 0.1 mM or 1 mM IPTG. MIC was defined as the minimal FZ
concentration that inhibited the visible colony formation in an agar dilution assay (A) or that caused 90%
growth inhibition in a broth microdilution assay (B). The MIC values and error bars represent the means
and ranges from at least three independent experiments.

tion, using the Keio strain JW0599 as a donor, followed by the removal of the Km
cassette as described in Materials and Methods to obtain a triple AnfsA AnfsB AahpF
mutant. The FZ sensitivity was examined using the broth microdilution and agar
dilution assays. In agreement with the findings from the genomic analyses of the
spontaneous FZ-resistant mutants, deletion of ahpF in the AnfsA AnfsB background led
to an increase in the FZ MICs in both assays, from 16 ug/ml for the parental strain to
28 nug/ml for the AnfsA AnfsB AahpF strain in the agar plate assay and from 32 pug/ml
to 48 nwg/ml in the liquid assay (Fig. 3). Complementation of the AahpF mutation by
expression of ahpF from a high-copy-number plasmid, pCA24N:ahpF, induced by IPTG
(isopropyl-B-p-thiogalactopyranoside) in the AnfsA AnfsB AahpF strain not only restored
FZ sensitivity but also increased it dramatically beyond the level of the AnfsA AnfsB
strain and close to the level of the FZ sensitive wild-type strain (nfsA*™ nfsB*) (Fig. 3).
Taken together, these findings show that AhpF plays a role in FZ activation, in which
FZ sensitivity is positively correlated with the amount of ahpF in the cell.

Effect of ahpF on susceptibility of E. coli to NIT and NFZ. To examine the
cross-resistance of ahpF deletion in the nitroreductase-deficient strain (AnfsA AnfsB) to
NIT and NFZ, a broth microdilution assay was performed for these two 5-nitrofuran
antibacterials. It is interesting to note that deletion of ahpF conferred a modest increase
in sensitivity to NIT and NFZ (Fig. 4). That effect was reverted when the AhpF deficiency
in the AnfsA AnfsB AahpF triple mutant was complemented by a low level of AhpF
expression from the pCA24N::ahpF plasmid (in the absence of IPTG). Nonetheless, AhpF
overexpression upon IPTG induction (0.1 mM or 1 mM) in the AnfsA AnfsB AahpfF triple
mutant lowered the MIC,; and MICy, of the complemented strain to the level of the
wild-type (nfsA™ nfsB* ahpF) strain, where all nitrofuran-activating nitroreductases are
present (Fig. 4). Taken together, all these observations strongly suggest that AhpF
catalyzes activation of not only FZ but also NIT and NFZ.

We also determined the MICs for the ahpF deletion and complemented strains
under anaerobic conditions and found similar patterns in MIC changes for all three
5-nitrofuran drugs (Fig. 5) as those under aerobic conditions. The only exception was
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FIG 4 Confirmation of the AhpF role in nitrofurantoin and nitrofurazone activation using knockout
mutants and complementation. Susceptibility to nitrofurantoin (A) and nitrofurazone (B) of the AahpF
mutant in the nfsAB null background and AhpF-overexpressing strain via a broth microdilution assay.
Expression of the ahpF gene was induced from a chimeric T5-lac promoter of high-copy-number plasmid
pCA24N::ahpF by 0.1 mM or 1 mM IPTG. The E. coli K-12 strain BW25113 was used as the wild-type strain.
MIC was defined as the minimal drug concentration that caused 90% growth inhibition. The MIC values
and error bars represent the means and ranges from at least three independent experiments.

NFZ, for which the AnfsA AnfsB AahpF triple mutant had a mildly increased MICy, in
comparison to that of the AnfsA AnfsB double mutant parent; the opposite of that was
observed under aerobic conditions (Fig. 5C versus 4B).

In vitro activity of AhpF. To verify the ability of AhpF protein to catalyze the
reduction of 5-nitrofurans (FZ, NIT, and NFZ), His-tagged AhpF protein was produced,
purified, and assayed in a reaction using 5-nitrofuran and NADH as reactants. The
protein was expressed in the AahpC E. coli strain from a high-copy-number ASKA
plasmid, pCA24N::ahpF (31). The rationale for ahpC deletion in the expression host was
to prevent the copurification of AhpC along with AhpF, since these two proteins have
been shown to form the multimeric complex AhpC,,AhpF, (32). The presence of AhpC
in the protein extract might sequester the AhpF protein, precluding its hypothesized
nitrofuran reductase activity.

The nitroreductase assay (Fig. 6) was performed in the presence of 5 ug/ml of
nickel-nitrilotriacetic acid (Ni-NTA) affinity-purified AhpF protein, NADH, and one of the
three 5-nitrofurans (FZ, NIT, and NFZ) at equal amounts (0.1 mM). The absorbance at
400 nm was used to solely monitor the decrease in the concentration of 5-nitrofurans,
whereas the absorbance at 340 nm (maximum for NADH) was used to monitor the
decrease in the concentration of NADH and 5-nitrofurans simultaneously, given that
these two substrates have overlapping absorbances at this wavelength and there was
no suitable wavelength where only NADH could be detected. It should be noted that
oxidation of NADH in the reactions without any 5-nitrofuran drugs was used as a
reference to indicate electron transfer from NADH to the three redox centers of AhpF
(the flavin adenine dinucleotide [FAD] cofactor and two disulfide bridge active centers)
(33) and ultimately oxygen, due to the oxidase activity of this enzyme (34). In the
presence of FZ, NIT, or NFZ, the initial reaction velocity monitored via the decrease in
the absorbance at 340 nm (0.01533, 0.01314, or 0.01526 absorbance units [AU]/min,
respectively) was significantly higher than that in the sample without 5-nitrofurans
(0.00422 AU/min; P < 0.001) (Fig. 6A). Continuous monitoring of the reaction over 12 h
showed that the absorbance at 340 nm (measure of NADH oxidation) in nitrofuran-
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FIG 5 Susceptibility to 5-nitrofurans using a broth microdilution assay under anaerobic conditions. (A)
Furazolidone; (B) nitrofurantoin; (C) nitrofurazone. Expression of the ahpF gene was induced from a
chimeric T5-lac promoter of high-copy-number plasmid pCA24N:ahpF by 0.1 mM or 1 mM IPTG. The E.
coli K-12 strain BW25113 was used as the wild-type strain. MIC was defined as the minimal drug
concentration that caused 90% growth inhibition. The MIC values and error bars represent the means
and ranges from at least three independent experiments.

containing samples stopped decreasing after 1.5h, whereas the absorbance in
nitrofuran-free samples continued to decrease throughout the time period of the assay
(Fig. 6A). Spectral analysis at the endpoint of the experiment (12 h) showed that the
residual absorbance at 340 nm in all samples was exclusively from the 5-nitrofurans (see
Fig. S3A, C, E). This indicates that NADH was used up more rapidly in the presence of
5-nitrofurans. By subtracting the contribution of 5-nitrofurans from the absorbance at
340 nm, we calculated that the initial rates of NADH oxidation were 3.64, 2.74, and
2.43 uM/min for the reaction mixtures containing FZ, NIT, and NFZ, respectively,
compared with that of the no-drug reference control that was 1.08 uM/min.

Notably, the absorbance at 400 nm (monitoring 5-nitrofurans) was unchanged for FZ
and decreased modestly for NIT and NFZ (~16% and 15%, respectively), even after 12
h (Fig. 6B and Fig. S3A, C, and E). This is in contrast with the 5-nitrofuran reduction
reaction catalyzed by the well-established nitroreductase NfsB in which, under the
same conditions and substrate stoichiometry (1:1), more than half of the initial
5-nitrofuran was reduced (Fig. 6D and Fig. S3B, D, F).

To eliminate the oxygen that appears to serve as an electron sink in the AhpF-
catalyzed reaction, we repeated the nitroreductase assay under strict anaerobic con-
ditions. The absorbance spectra from 300 to 600 nm of the reaction mixtures and
controls were examined at the end of the assay, after 21 h of incubation at 25°C. Under
these conditions, the absorbances between control reactions that contained NADH/
AhpF and those containing NADH (in the absence of 5-nitrofurans) over the analyzed
spectrum range were identical, showing that no NADH had been oxidized by the AhpF
enzyme in the absence of oxygen (Fig. 7) and thus validating the anaerobic condition
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FIG 6 In vitro AhpF versus NfsB nitroreductase assay under aerobic conditions. Purified His-tagged AhpF
5 ng/ml (A and B) or NfsB 1 ug/ml (C and D) was combined with furazolidone (FZ), nitrofurantoin (NIT),
or nitrofurazone (NFZ) in the presence of NADH as the reducing cofactor. A reaction without
5-nitrofurans was included as a reference (denoted as a no-drug control) to monitor change of the
absorbance at 340 nm due to oxidation of the cofactor NADH by the oxidase activity of AhpF. Each data
point represents the mean value from the triplicate measurements.

of the assay. There was an overall decrease in the intensities of the absorbance from
300 to 600 nm between the no-enzyme control (nitrofuran plus NADH) and the reaction
sample (nitrofuran plus NADH plus AhpF) for all three drugs, (Fig. 7, red arrows). Given
that no molecular oxygen was involved, this difference in the absorbance spectra can
be completely attributed to the reaction between the 5-nitrofuran drug and NADH. In
conclusion, this analysis shows that the AhpF indeed catalyzes the reduction of
5-nitrofurans.

In silico docking of FZ to the active site of AhpF protein. To gain a better
understanding of the nitrofuran-AhpF interaction, we performed in silico docking
between FZ and the AhpF enzyme using two different tools, SwissDock (35) and
AutoDock Vina (36). According to the SwissDock modeling, the most favorable binding
pose of the drug was in the cleft between the FAD and NADH domains, which had the
lowest full fitness (—2,728.95 kcal/mol) and binding energy (AG = —7.13 kcal/mol) (Fig.
8A). Modeling with the AutoDock Vina tool predicted the same binding site with the
free energy as low as —6.9 kcal/mol. The predicted orientations of FZ relative to the
protein, however, differed by the two modeling approaches (Fig. 8B and C).

Further calculating the interatomic interactions between FZ and the AhpF residues
using the Arpeggio server (37) predicted that FZ interacts with protein residues more
strongly in the AutoDock Vina model than in the SwissDock model (Fig. 8B and C). In
the AutoDock Vina model, the furan ring of FZ was predicted to interact with the indole
group of Trp326 via a 7 interaction and with the amide group of GIn448 via an
amide-7 interaction. The binding was further stabilized by three hydrogen bonds
between FZ and three protein residues 1le449, Gly450, and Lys495 (Fig. 8C). In the
SwissDock model, the indole ring of Trp326 was also predicted to play an important
role in the interaction with the furan ring of FZ (Fig. 8B). Of note is the polar interaction
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FIG 7 AhpF nitroreductase assay under oxygen-free conditions. The reaction mixture contained purified
His-tagged AhpF (5 wg/ml), 5-nitrofuran (0.1 mM; furazolidone [FZ], nitrofurantoin [NIT], or nitrofurazone
[NFZ]), and NADH (0.1 mM). The absorbance spectrum was measured after 21 h of incubation at 25°C.
Each data point represents the mean value from the triplicate measurements. The red arrows indicate the
change in the absorbance caused by AhpF-catalyzed reaction between 5-nitrofuran drugs and NADH.

between the oxygen of the nitro group of the drug and the thiol group of Cys345. In
the AhpF protein, the Cys345XXCys348 motif establishes the redox active center,
participating in the transfer of electrons from the cofactor FAD to the redox center in
the N-terminal domain (38). Such an interaction predicted in the SwissDock model
allows us to propose a molecular basis for the reaction: NADH donates electrons to FAD
which then reduces the disulfide bridge of Cys345 and Cys348; after that, the thiol
group of Cys345 contacts the nitro moiety of FZ in a manner that permits the transfer
of an electron(s). We speculate that the FZ binding predicted by AutoDock Vina
represents a stable binding mode, while that predicted by SwissDock represents a
reactive binding mode once the thiol group of Cys345 is available in its reduced state.

DISCUSSION

Characterization of antibiotic-resistant isolates is an important tool to identify the
targets and mechanisms of resistance. All mutants with increased MICs for nitrofurans
published prior to our work were isolated from wild-type laboratory K-12 or clinical E.
coli strains and most frequently reported to possess mutations in genes encoding the
prodrug-activating enzymes NfsA and NfsB (16-18). Recently, Vervoort and coworkers
(39) incorporated whole-genome sequencing to analyze nitrofurantoin-resistant E. coli
mutants isolated from the wild-type parent, identifying, in addition to nfsA and nfsB
mutations, a 12-nucleotide deletion in the ribE gene, encoding lumazine synthase. This
is an essential enzyme in the biosynthesis of flavin mononucleotide, which in turn is the
cofactor for NfsA and NfsB. Long-term laboratory evolution experiments of E. coli
laboratory K-12 strains under the selective pressure of nitrofurantoin also reported
various mutations in nfsA and/or nfsB in all nitrofurantoin-selected evolved cultures (40,
41). Notably, in these experiments, other mutations were also detected, such as those
in genes mprA, ahpF, and porin-encoding or expression-regulatory genes (ompC, ompR,
and envZ), although the underlying mechanisms and the degrees to which these
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A

N-terminal domain

C Lys495

FIG 8 Docking simulation for AhpF and FZ. (A) The cartoon three-dimensional (3D) structure of AhpF
protein with 3 domains (N-terminal domain, FAD domain, and NADH domain) and the simulated FZ
binding site. The surface of FZ in the binding site predicted by SwissDock and AutoDock Vina is
highlighted. Interaction between FZ and AhpF residues in the binding site. Interactions were calculated
and annotated using the Arpeggio server. (B) The binding pose predicted by SwissDock; (C) the binding
pose predicted by AutoDock Vina. The interatomic interactions are presented as dashed lines; yellow,
hydrogen bonding; red, polar contact; green, - interaction; purple, amide-7 interaction.

mutations individually contribute to nitrofurantoin resistance have not been studied
further. Overwhelmingly, the most frequently isolated 5-nitrofuran resistance-causing
mutations in the E. coli wild-type strains have therefore been those that disrupt NfsA
and NfsB activity. To eliminate these from our genetic screen, we started from the AnfsA
AnfsB E. coli parental strain and selected 15 independent mutants of increased MIC,.
We further employed whole-genome sequencing to pinpoint the mutations. Using this
strategy, we discovered the involvement of a novel enzyme, AhpF, in the activation of
FZ. Overexpression of this enzyme decreased the MICs for all three tested nitrofurans
under aerobic and anaerobic conditions (Fig. 3, 4, and 5). Similar MICs were obtained
under both conditions, suggesting that inside the E. coli cell, 5-nitrofuran activation by
AhpF is not affected by general aerobic conditions, possibly due to depletion of oxygen
during culture growth. In contrast, in an in vitro enzymatic assay combining only the
substrates and AhpF, reduction of 5-nitrofurans was oxygen sensitive, resulting in
5-nitrofuran reduction only in the absence of oxygen (Fig. 6 and 7; see also Fig. S3 in
the supplemental material).

AhpF is a peroxiredoxin reductase, which together with the peroxiredoxin AhpC,
forms the bacterial antioxidant alkyl hydroperoxide reductase AhpCF. The molecular
structure of this system and its catalytic mechanism were solved recently. Briefly, AhpF
transfers electrons from the electron donor NADH via the redox-active sites of its
C-terminal domain and then via the disulfide redox-active center within the N-terminal
domain to the oxidized AhpC, which subsequently reduces hydrogen peroxide, organic
hydroperoxide, and peroxynitrite (38, 42, 43). Given its dedicated antioxidant function,
it is expected that disruption of ahpF would cause an increase in antibiotic suscepti-
bility and its overexpression would confer enhanced antibiotic resistance in general by
ameliorating oxidative stress that is generally associated with the effects of a number
of antibiotics. For example, it has been shown that ahpF overexpression protects E. coli
from aminoglycoside-mediated protein aggregation (44) or from killing by bactericidal
antibiotics such as ampicillin, gentamicin, and norfloxacin (45). In contrast to these
antibiotics, deletion of the ahpF gene protects E. coli from FZ, while AhpF overexpres-
sion majorly increases susceptibility to all three tested 5-nitrofurans, in agreement with
a dominant 5-nitrofuran activation role over its protective role under oxidative stress.
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Notably, all FZ-resistant mutants isolated from a AnfsA AnfsB E. coli strain had an MIC
of 20 ug/ml, while the complete deletion of ahpF in the AnfsA AnfsB background
resulted in an MIC as high as 28 ug/ml in an agar dilution assay (Fig. 3A). The difference
between disruption/point mutants and complete deletion of ahpF could be rationalized
based on the published findings that ahpC mRNA is stabilized by RNase Ill-mediated
cleavage in the intergenic region of the bi-cistronic ahpC-ahpF mRNA (46). Deletion of
the ahpF open reading frame (ORF) sequence is expected to change the RNase Ill target
and interfere in the processing, resulting in a decrease in the stability of the ahpC
transcript and thus in its abundance. Given the antioxidant role of AhpC, lowering its
amount in the cell upon the complete deletion of the ahpF sequence may confer
increased resistance to FZ in addition to the level caused by absence of the nitrore-
ductase AhpF.

Deletion of ahpF in the AnfsA AnfsB background caused decreased resistance to NFZ
and NIT under aerobic conditions (Fig. 4). This phenomenon can be rationalized as
follows: AhpF has opposing dual functions, acting alone to activate nitrofurans, and act-
ing in complex with AhpC to counteract the oxidative stress imposed by 5-nitrofurans
(26, 38). Integration of these two roles dictates the net effect of ahpF deletion on
nitrofuran susceptibility. Depending on the degree of oxidative stress induced by
5-nitrofurans, the rate of AhpF-mediated 5-nitrofuran reduction and the toxicity trig-
gered by the reduction product, different effects on resistance to the three drugs (FZ,
NIT, and NFZ) were observed upon ahpF deletion.

The in vitro nitroreductase assay of purified AhpF provided a hint of the mechanism
of 5-nitrofuran reduction by this enzyme. The monitoring of two substrates,
5-nitrofuran and NADH, showed that NADH became oxidized, while the 5-nitrofuran
concentration stayed largely unchanged during the time course of the enzymatic
experiment when the reaction was carried out under aerobic conditions, i.e., in the
presence of oxygen (Fig. 6 and S3). This is a characteristic of the futile reduction cycle
catalyzed by the type Il oxygen-sensitive nitroreductases as reported by Peterson et al.
(27). These type Il oxygen-sensitive nitroreductases catalyze the one-electron reduction
of the nitroaromatic prodrugs to result in a nitro anion free radical, which in the
presence of oxygen, is subsequently oxidized back to the nitro group while reducing
oxygen to generate superoxide. Our AhpF enzymatic assays under aerobic conditions
showed that NADH oxidation occurred in the absence of 5-nitrofurans, due to the direct
reduction of oxygen, but its rate increased in the presence of 5-nitrofurans. The
concentration of 5-nitrofurans, on the other hand, did not change, in agreement with
the futile redox cycle of 5-nitrofurans. In contrast, in our oxygen-free assays, NADH was
oxidized only in the presence of 5-nitrofurans, which in turn remained reduced in the
absence of oxygen. This again is in agreement with the observed properties of the type
Il oxygen-sensitive nitroreductases. Detailed kinetic studies of the AhpF enzyme and
determination of the reduced product under aerobic and anaerobic conditions are
warranted to shed more light on AhpF-catalyzed 5-nitrofuran reduction mechanism.

In addition to the enzymatic assay, we described in silico simulation of the FZ-AhpF
interaction by using two software packages, AutoDock Vina and SwissDock. Both of
these predicted the binding of FZ in the cleft near the C-terminal disulfide bridge center
between the FAD and NADH binding sites (Fig. 8). However, the predicted FZ orienta-
tion within the binding site differs substantially between the two models obtained
using AutoDock Vina and SwissDock. Further experimental approaches, such as solving
the cocrystal structure of the AhpF enzyme with the drug and/or enzyme structure-
function analysis of engineered mutant enzymes, are required to improve the interac-
tion model. This is important, since a reliable enzyme/drug interaction model may
facilitate the rational design of 5-nitrofuran analogues which are activated by AhpF
with a greater efficiency than the existing commercial 5-nitrofurans. These analogues
could potentially be employed effectively against 5-nitrofuran-resistant pathogenic E.
coli clinical isolates that all have been identified to date to be nfsA and/or nfsB
loss-of-function mutants.

The selection of mutants with increased FZ resistance in the absence of NfsA and
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TABLE 2 £. coli strains and plasmids used in this study

Strain or plasmid Genotype or description Source
Strains
BW25113 rrB3 AlacZ4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-1 47
K2479 BW25113 AnfsA AnfsB This study
K2506 BW25113 AnfsA AnfsB AahpF This study
K2511 BW25113 AnfsA AnfsB AahpF pCA24N:ahpF This study
K2526 BL21 pCA24N:nfsB This study
K2528 BW25113 AahpC pCA24N::ahpF This study
Plasmids
pCP20 Ap’, Cmr, FLP*, A cI857+, A pg Rep®s; For removal of kan 77
markersby FLP-mediated site-specific recombination
pCA24N::ahpF Cm"; lacld, pCA24N Ps,:ahpF 31
pCA24N::nfsB Cm?"; lacld, pCA24N P, :nfsB 31

NfsB did not result in any mutations of putative 5-nitrofuran targets, reflecting the high
probability that once activated, the reactive intermediate(s) of 5-nitrofurans attacks
multiple cellular components promiscuously rather than having specific targets. Alter-
natively, the drug targets are essential in a manner that no resistance-causing muta-
tions are allowed. It is also noteworthy that 5-nitrofurans still possess some antibacterial
effect in the AnfsA AnfsB AahpF E. coli triple mutant. It is therefore conceivable that E.
coli possesses other activation enzymes and/or that the nonreduced forms of
5-nitrofurans have antibacterial properties.

Our discovery of a new 5-nitrofuran-activating enzyme in E. coli, AhpF, provides
opportunities for the development of novel strategies for 5-nitrofuran-based antibac-
terial therapies. Screening for small molecules to upregulate the expression/availability
of AhpF and designing 5-nitrofuran analogues with high affinity for AhpF are promising
approaches to discover novel antibacterial candidates to counteract pathogenic E. coli
isolates that are resistant to current commercial 5-nitrofurans (FZ, NIT, and NFZ) due to
the nfsA and nfsB mutation.

MATERIALS AND METHODS

E. coli strains, growth condition, and antibiotics. All E. coli strains and plasmids used in this study
are listed in Table 2. Mutations of the Keio single-gene deletion E. coli collection containing the FLP
recombination target (FRT)-flanked Kan" marker (47) were introduced into E. coli recipient strains by P1
transduction according to the standard procedure (48). The FRT-flanked Kan" cassette was then removed
using the FLP-mediated recombination as previously described (49). The plasmid pCA24N:ahpF was
purified from the E. coli strain JW0599 of the ASKA collection (31) using the ChargeSwitch-Pro Plasmid
Miniprep kit (Thermo Fisher Scientific) and then chemically transformed (50) into the AnfsA AnfsB AahpF
strain for the complementation assay or AahpC strain for AhpF production.

E. coli was grown in 2X yeast extract-tryptone (YT) medium (BD Difco) at 37°C with shaking at
200 rpm. For the preparation of exponentially growing cells, an overnight culture was diluted 100-fold
and incubated until it reached an optical density at 600 nm (ODy,,) of approximately 0.1 to 0.4. This cell
suspension was then diluted to a desirable density depending on the specific purpose. Antibacterials
used in this study were purchased from Goldbio, apart from nitrofurazone, which was purchased from
Sigma.

Isolating FZ-resistant mutants. FZ-resistant mutants were isolated from spontaneous mutations in
E. coli overnight populations. The AnfsA AnfsB strain (K2479) was used as the parental strain for selection.
Twenty independent overnight cultures were prepared. Each cell culture (100 ul) was mixed with 2.5 ml
of molten soft agar (2X YT, 0.5% agarose) and then poured onto 2X YT plates containing 40 ug/ml,
48 ng/ml, or 56 ug/ml of FZ. The agar was allowed to solidify. The plates were examined after 24 h and
48 h of incubation at 37°C. Colonies formed on these plates were subcultured onto 2X YT agar and
incubated overnight at 37°C. Only one colony was collected from each culture to minimize the chance
of repeatedly isolating the same mutation. Putative resistant mutants were clonally purified and
examined for increased MIC., by the agar dilution assay, giving rise to 15 true FZ-resistant mutants.

Fluctuation assay. Twenty-seven parallel cultures, each 100 ul, were prepared on a 96-well plate
(polystyrene; Jet Biofil) at the starting inoculum of 105 CFU/ml. The cultures were incubated at 37°C for
24 h with vigorous shaking. Three cultures were used to determine the bacterial concentration (and thus
the number of plated cells per culture) by plating 10-fold serial dilutions on nonselective agar plates.
Each of the remaining 24 cultures (100 ul) was mixed with 2.5 ml of molten soft agar (2X YT, 0.5%
agarose) and poured onto selective agar plates containing FZ (40 wg/ml). After 48 h of incubation at 37°C,
the colonies formed on the selective agar were counted. The most probable number of mutations per
culture (m) and its 95% confidence interval were calculated using the newton.LD() and confint.LD()
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functions, respectively, of the rSalvador package v1.7 (51) in the R environment (v.3.4.4) (52). The
mutation rate (w) was estimated as m/N, in which N, is the number of plated cells per culture
(4.93 X 108).

Genomic comparative analysis. The genomic DNA of FZ-resistant mutants and the parental strain
(AnfsA AnfsB E. coli strain) were purified using the UltraClean Microbial DNA Isolation kit according to the
manufacturer’s instructions (Qiagen). The DNA samples were then submitted to the Massey Genome
Service (New Zealand Genomics Ltd., Massey University, Palmerston North, New Zealand) for whole-
genome sequencing using lllumina TruSeq Nano DNA library preparation and 2 X 250-base paired-end
v2 sequencing chemistry on the Illumina MiSeq sequencing platform. The raw reads were trimmed to a
quality cutoff value of Q30 (equivalent to error probability P = 0.001) and any short-length reads (<25
base by default) were removed using SolexaQA** v3.1.7.1 (53). The DNA sequence data generated
resulted in a theoretical genome coverage that was at least 40X based on the E. coli strain BW25113
genome size. The trimmed reads were aligned with the reference E. coli strain BW25113 genome
(ASM75055v1 from Ensembl [54]) with Bowtie2 v2.3.2 using the very-sensitive mode (55). The resulting
sam files were then converted to bam files using SAMtools v1.5 (56), and variant calling was carried out
with freebayes v1.0.2 (57) using the default parameters, except ploidy was set to 1 (-p 1). The variants
were functionally annotated using SnpEff v4.3p (58). The ahpF mutations were mapped to the corre-
sponding protein domains using the visualization software DOG v2.0.1 (59).

To identify structural variations in the genomes of FZ-resistant mutants, the unmapped reads were
extracted using SAMtools v1.5 (56) and then assembled to generate contigs using SPAdes v3.9.0 with the
“careful” option (60). The resulting contigs were compared with the E. coli reference genome BW25113
(accession no. CP009273.1) (61), using the website platform NCBI Nucleotide BLAST 2.7.0+ (62), to
determine the boundaries where the structure variations occurred.

ahpF sequence analysis. Genomic DNA of FZ-resistant isolates was extracted by water boiling as
previously described (63). The PCRs were performed in 50-ul mixtures containing 10 ul of 5X TaKaRa
PrimeSTAR PCR buffer, 0.2 mM each deoxynucleoside triphosphate (dNTP), 0.2 uM ahpF forward primer
(5’-AGGTGAAGCAACTCTGGCTC-3'), 0.2 uM ahpF reverse primer (5'-GCAACCCATCGATTTCGACC-3'), 0.5
wul of PrimeSTAR HS DNA polymerase (TaKaRa Bio USA), and 5 ul of the DNA extract. The PCR conditions
included an initial denaturation at 94°C for 30 s, followed by 30 cycles of denaturation at 98°C for 10,
annealing at 55°C for 55, and extension at 72°C for 2 min. The PCR products were analyzed by agarose
gel electrophoresis as previously described (64).

The ahpF amplicons were cleaned up using ChargeSwitch-Pro PCR Clean-Up kit (Invitrogen) accord-
ing to the manufacturer’s instructions and submitted to the Massey Genome Service (Massey University,
Palmerston North, New Zealand) for DNA Sanger sequencing using BigDye Terminator v3.1. The primers
used for sequencing included ahpF forward primer, ahpF reverse primer, and ahpF internal forward
primer (5'-GTTCACCTCGCTGGTACTGG-3'). The low-quality bases of raw sequences were trimmed until
the average quality of 20 bases was over 30 using Chromas v2.6.4 (Technelysium Pty Ltd.). The trimmed
sequence of the ahpF amplicon was then aligned with the E. coli reference genome BW25113 (accession
no. CP009273.1) using the website platform NCBI Nucleotide BLAST 2.7.0+ (62) to determine the
mutations in the gene ahpF.

In silico analysis of missense mutations in ahpF. The effect of missense mutations in the gene ahpF
in FZ-resistant E. coli mutants was predicted by the SIFT web server (29) using the UniRef 90 database
with default parameters and the ConSurf web server with default parameters (28).

Antimicrobial susceptibility assays. The antimicrobial susceptibility of E. coli K-12 strains to
5-nitrofurans was examined using the agar dilution and broth microdilution assays as previously
described (65, 66). The range of drug concentrations tested included 32, 28, 24, 20, 16, 12, 8,4, 2, 1, 0.5,
0.25, 0.125, and 0 ug/ml in the agar dilution assay and 80, 64, 48, 32, 16, 8, 4, 2, 1, 0.5, and 0.25 ug/ml
in the broth microdilution assay. In ahpF-complemented strains, expression of ahpF was under the
control of a chimeric P, promoter of a high-copy-number plasmid, pCA24N::ahpF, and induced by
0.1 mM or T mM IPTG. For the broth microdilution assay under anaerobic conditions, the plates were
incubated in a BBL GasPak 150 anaerobic jar (Becton, Dickinson) containing three EZ GasPak sachets with
an oxygen indicator.

Production and purification of His-tagged AhpF and NfsB proteins. The His-tagged AhpF and
NfsB proteins were expressed from the high-copy-number plasmids pCA24N::ahpF and pCA24N:nfsB (31)
in the E. coli strains K2528 and K2526, respectively. The E. coli culture was grown to reach an ODg, of
approximately 0.6 and then induced with T mM IPTG at 37°C for 4 h. The cells were harvested by
centrifugation at 4,000 X g for 15 min at 4°C. The pellet was stored at —20°C until being used for cell lysis
and protein purification.

The affinity purification of His-tagged AhpF from cell lysate was performed using a Ni-NTA Spin kit
according to the manufacturer’s instructions, with some modifications (Qiagen). First, the cell pellet
harvested from 50 ml of the cell culture was suspended in 3,000 ul lysis buffer (NPI20; 50 mM NaH,PO,,
300 mM NaCl, 20 mM imidazole, pH 8.0) containing 1 mg/ml lysozyme (Boehringer Mannheim) and
frozen at —80°C. The suspension was then thawed at room temperature, 2 ul of Benzonase endonuclease
at 10 units/ul (Sigma) was added, and the mixture was incubated at 4°C on a tube roller. The lysis mixture
was sonicated two times, each session lasted for 2 min, including alternate 1-s on/off pulses at the power
2 using the microtip of a Virsonic 600 ultrasonic cell disruptor. The cell lysate was then centrifuged at
12,000 X g for 30 min at 4°C.

The Ni-NTA spin column was equilibrated with 600 ul NPI20 buffer and centrifuged at 890 X g for
2 min. Next, 600 ul of cell lysate was loaded into the Ni-NTA spin column and centrifuged at 270 X g for
5 min. Following that, the Ni-NTA spin column was washed four times with 600 ul of NPI50 (50 mM
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NaH,PO,, 300 mM Nacl, 50 mM imidazole, pH 8.0) and centrifuged at 890 X g for 2 min. A His-tagged
protein (AhpF or NfsB) was eluted by loading 200 ul of NPI500 buffer (50 mM NaH,PO,, 300 mM Nadl,
500 mM imidazole, pH 8.0) into the Ni-NTA spin column and centrifuging at 890 X g for 2 min. The
elution step was performed four times and the eluates were pooled. The exchange to Tris buffer (pH 7.4,
50 mM) and further removal of small unwanted proteins were performed using a Vivaspin ultrafiltration
device 2 (GE Healthcare) with the cutoff size of 100 kDa for AhpF eluates and 10 kDa for NfsB eluates,
according to the manufacturer’s instructions. Purity of the protein extract was analyzed using SDS-PAGE,
followed by Coomassie blue staining (67, 68), and densitometric analyses were performed with ImageJ
software v1.51k (69) (see Fig. S4 in the supplemental material).

Protein quantification assay. The quantity of the protein was determined using a Coomassie
(Bradford) protein assay kit according to the manufacturer’s instructions (Thermo Scientific).

Nitrofuran reductase assay. The enzymatic assay for His-tagged AhpF or NfsB protein extract was
performed on a 96-well plate (polystyrene; Jet Biofil) with the total volume of 200 ul containing 0.1 mM
5-nitrofuran (FZ, NIT, or NFZ) and 0.1 mM NADH in 50 mM Tris-HCI buffer (pH 7.4). The activity was
determined in the presence of 5 ug/ml of the AhpF enzyme or 1 pug/ml of the NfsB enzyme. The wells
without 5-nitrofurans were used as references to monitor the oxidation of NADH by the oxidase activity
of AhpF. The wells containing no protein extract were used as negative controls. Each reaction was
performed in triplicates. The reaction was initiated by adding the enzyme. The progress of the reaction
was monitored by measuring absorbances at 340 nm and 400 nm every 1 min for 12 h at 25°C using a
Multiskan GO microplate spectrophotometer (Thermo Scientific). The absorbance spectrum from 300 to
600 nm was recorded at the end of the experiment.

For the nitroreductase assay under anaerobic conditions, the same protocol was applied with some
changes. The Tris buffer (7.4) and water were gassed with oxygen-free carbon dioxide and placed in an
anaerobic chamber (Coy Laboratory) overnight before the experiment to remove dissolved oxygen (O,).
All the pipetting steps were performed in an anaerobic chamber. The assay plate was then placed in an
anaerobic jar and incubated at 25°C for 21 h. The absorbance spectrum from 300 to 600 nm was recorded
at the end of the experiment.

Linear regression and comparison of the initial reaction rate were performed using the emmeans
package v.1.3.3 (70) in the R statistical environment (v.3.5.3) (52).

In silico docking of furazolidone to the AhpF protein. For the SwissDock server (35, 71), a blind
docking simulation was implemented using ready-to-dock FZ ligand data file from ZINC database
(accession number ZINC113418) (72) and the AhpF structural data file from Protein Data Bank (PDB
identifier [ID] 405Q) (38). The process was performed using the ACCURATE mode with the flexibility set
to 3 A. The generated docking poses between AhpF and FZ were visualized using UCSF Chimera v1.13
(73). Briefly, the binding poses which had steric clash between FZ and the cofactor FAD were purged. The
hydrogen bonds were then annotated between the ligand and the protein residues; the binding poses
with less than 1 hydrogen bond were removed. The remaining binding poses were then ranked
according to the full fitness score and the number of hydrogens between FZ and AhpF residues.

For the AutoDock Vina, the PDBQT files for AhpF (from pdb file 405Q) and FZ (from mol2 file
ZINC113418) were generated using AutoDock Tools (ADT) as previously described (74). First, a blind
docking protocol was performed for AhpF and FZ using QuickVina-W (75) with an exhaustiveness of 24
and the number of modes at 50 (spacing, 1 A:x =68, y = 66,z = 124; grid box center, —38.786, —27.238,
28.694). This step was performed three times. The resulting poses were used to determine the most likely
binding region of the AhpF protein. After that, the docking of FZ into AhpF was executed in a smaller
grid box (spacing, 1A; x=40, y =40, z=40; grid box center, —36.936, —33.981, 49.29) with an
exhaustiveness of 24 and the number of modes at 50 using AutoDock Vina (36). This local docking was
performed 10 times until the most favorable binding poses converged.

The most favorable binding poses obtained from the SwissDock and AutoDock Vina simulations were
analyzed using the Arpeggio web server, which calculates and visualizes the interaction between the
ligand and protein residues (37). The interactions were visualized using PyMOL v1.8.4.0 (76).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00868-19.
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