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Nitazoxanide (NTZ) is a redox-active nitrothiazolyl-salicylamide prodrug that Kills Helicobacter pylori and
also many anaerobic bacterial, protozoan, and helminthic species. Here we describe development and use of a
spectrophotometric assay, based on nitroreduction of NTZ at 412 nm, to identify H. pylori enzymes responsible
for its activation and mode of action. Three enzymes that reduce NTZ were identified: two related NADPH
nitroreductases, which also mediate susceptibility to metronidazole (MTZ) (RdxA and FrxA), and pyruvate
oxidoreductase (POR). Recombinant His-tagged RdxA, FrxA, and POR, overexpressed in nitroreductase-
deficient Escherichia coli, each rapidly reduced NTZ, whereas only FrxA and to a lesser extent POR reduced
nitrofuran substrates (furazolidone, nitrofurantoin, and nitrofurazone). POR exhibited no MTZ reductase
activity either in extracts of H. pylori or following overexpression in E. coli; RdxA exhibited no nitrofuran
reductase activity, and FrxA exhibited no MTZ reductase activity. Analysis of mutation to rifampin resistance
(Rif") indicated that NTZ was not mutagenic and that nitrofurans were only weakly mutagenic. Alkaline gel
DNA electrophoresis indicated that none of these prodrugs caused DNA breakage. In contrast, MTZ caused
DNA damage and was strongly mutagenic. We conclude that POR, an essential enzyme, is responsible for most
or all of the bactericidal effects of NTZ against H. pylori. While loss-of-function mutations in rdx4 and frx4
produce a Mtz" phenotype, they do not contribute much to the innate susceptibility of H. pylori to NTZ or

nitrofurans.

Prodrugs are particularly appealing as therapeutic agents
because of their selective toxicity for microorganisms possess-
ing specific activating enzymes (7). Metronidazole (MTZ) is a
nitroimidazole prodrug that is often used in combination ther-
apies against Helicobacter pylori, the microaerobic bacterium
that causes gastritis and peptic ulcer disease and that is an early
risk factor for gastric cancer (6, 19, 30). However, resistance to
MTZ is very common and reduces the efficacy of MTZ-con-
taining regimes (10). MTZ is also highly mutagenic, and hence
its use may accelerate development of resistance to other clin-
ically important antibiotics, such as clarithromycin (24, 29).
These considerations have stimulated interest in alternative
redox-active prodrugs in either first-line or salvage (failed
eradication) therapies, especially those against which resis-
tance may be uncommon in H. pylori. Alternative prodrugs
include the nitrofurans and nitrothiazoles, which exhibit anti-
microbial activity against H. pylori and also against facultative
anaerobes, anaerobic bacterial and protozoan species, and hel-
minths (12, 19, 21, 30, 32, 33). For these drugs, the spectrum of
bioactivity and the mechanisms of activation are largely a func-
tion of the redox potential (E’;) of the 5-nitro groups. For
example, nitrofurans (nitrofurazone, nitrofurantoin, and fura-
zolidone) display relatively high redox potentials (—250 to
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—270 mV) and are reductively activated by a wide range of
enzymes including the NAD(P)H nitroreductases of enteric
bacteria (22, 23); whereas MTZ (nitroimidazole) is only acti-
vated by anaerobic enzyme systems generating very low redox
potentials (—480 mV), such as the pyruvate:ferredoxin oxi-
doreductases and hydrogenases of susceptible anaerobes and
protozoan parasites (7, 32, 33).

Nitazoxanide (NTZ) is a nitrothiazolyl-salicylamide deriva-
tive with a predicted redox potential in the ~—360-mV range
that is active against H. pylori (21, 35), anaerobic bacteria (6),
helminths, and protozoa (5, 25) but not against enteric bacteria
or aerobes and that is well tolerated by humans (1). The drug
was particularly efficacious in eradicating infection and curing
disease in a hamster model of antibiotic-induced diarrhea
caused by Clostridium difficile compared to the standard van-
comycin and metronidazole treatments (20). The drug and its
deacylated prodrug form (tizoxanide [TIZ]) are effective in
treatment of persistent diarrhea caused by Cryptosporidium
parvum, Giardia intestinalisis, and Entamoeba histolytica (25,
26, 27). These drugs display antimicrobial activity against Mtz"
strains of H. pylori (19, 21), and high-level resistance to them
has not been found clinically. The Mtz" phenotype results from
mutational inactivation of rdx4 and often fix4 as well, genes
that encode two nitroreductases of H. pylori (11, 17, 18). Some
strains display low-level resistance to furazolidone and nitro-
furantoin and, where studied, are also Mtz". This suggests that
these nitroreductases contribute to drug activation (19). How-
ever, frixA and rdxA knockout mutations constructed in labo-
ratory strains are not resistant to furazolidone and nitrofuran-
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toin, which indicates that mutations in other genes are also
needed for resistance (19).

To better understand the role of redox active enzymes of H.
pylori in the activation of MTZ, NTZ, and the nitrofurans, we
purified RdxA, FrxA, and pyruvate oxidoreductase (POR) fol-
lowing overexpression in Escherichia coli and examined each
enzyme’s substrate specificity. We also tested whether these
drugs are mutagenic or cause DNA fragmentation. Here we
report that RdxA, FrxA, and POR reduce NTZ, while FrxA
and to a lesser extent POR (but not RdxA) reduce the nitro-
furans, and only RdxA exhibits MTZ reductase activity, as
previously established (11). Reductive products of MTZ acti-
vation were mutagenic and DNA damaging (29), while reduc-
tive products of NTZ and nitrofuran activation caused no
DNA damage and only nitrofuran substrates were weakly mu-
tagenic. Our studies show that the selective toxicity of nitazox-
anide for H. pylori is due to its efficient activation by POR, an
essential key enzyme of central intermediary metabolism.

MATERIALS AND METHODS

Bacterial strains and culture conditions. H. pylori strains 26695 (Mtz®) (31), its
Mtz" (rdxA deletion) mutant, HP950 (Mtz°*), HP1061 (Mtz"), HP1061 containing
the pDH26:rdxA plasmid (Mtz®), and HP439 (Mtz") have been previously de-
scribed (11). New clinical isolates were obtained from the Queen Elizabeth II
Health Science Center (Halifax, Nova Scotia), and their MTZ resistance was
determined by E-test as previously described (11, 35). The MICs for nitazoxanide
and tizoxanide for each clinical isolate were determined by agar dilution on
Brucella agar (BA) supplemented with 7.5% newborn calf serum (Sigma) (11)
over a range of 0.064 to 64 pg/ml. E. coli strain CC104 [ara A(lac proB)/F' lacl
lacZ proAB™] contains a mutation in lacZ that renders it unable to ferment
lactose (4). The rdxA gene from H. pylori strain 950 was amplified by PCR, and
cloned into the pBluescript (pBSK) cloning vector, and introduced into E. coli
CC104 as previously described (29). E. coli strains AB1157 (wild type) and JVQ2
(nfsA nfsB) were obtained from I. B. Lambert (34) and used as host strains for
expression of POR from pBSK. MTZ susceptibility of E. coli strains expressing
RdxA or FrxA was determined by dilution and plating on Luria-Bertani (LB)
medium supplemented with various concentrations of MTZ (0 to 250 wg/ml).

DNA manipulations and cloning of rdxA, frxA, and porDGAB. H. pylori
genomic DNA was isolated from confluent cultures grown on BA plates using the
cetyltrimethyl-ammonium bromide-phenol method (28). PCR was carried out in
20-pl volumes containing 10 ng of genomic DNA, 10 pmol of each primer, 1 U
of Tag DNA polymerase (MBI Fermentas) or high-fidelity pwo Tag (Roche
Diagnostics), and 0.25 mmol of each deoxynucleoside triphosphate in standard
PCR buffer. Reaction mixtures were preincubated for 2 min at 94°C and sub-
jected to 30 cycles of 94 °C (30 s), 50°C (30s), and 72 °C (30 s or 3 min for long
sequences) and a final extension period of 7 min.

The rdxA and frxA genes were amplified from H. pylori strain 26695 or HP950
using primer pairs RDXBMHIF (5" GCGGATCCGATGAAATTTTTGGATC
AAG) and RdxXHOIR (5" CCGCTCGAGCAACCAAGTAATCGC) for rdxA
and FrxBMF (5" GGATCGATGGACAGAGAACAAATT) and FrxXHOI1R (5’
CCGCTCGAGTTCAATCACTTCATA) for fixA, and the amplicons were
cloned into the expression vector pET29b (Novagen) to place six histidine res-
idues at the C termini. The plasmids were transformed into E. coli strain BL21
by electroporation. The pyruvate oxidoreductase operon (porDGAB), contained
in a 3.1-kbp DNA fragment, was amplified by PCR from strain HP439 using the
primer pairs PORF Ndel (5" AGGAGACATATTCATATGTTTCAAATTAG)
and PORR EcoRI (5" GTGAATTCACGCAAAAAGCGCCTTGA) and ligated
into pBluescript (pBSK). The orientation was determined by PCR, and the
nucleotide sequence of the POR operon cloned in pBSK was determined by
automated sequencing at the NRC Institute for Marine Biosciences (accession
number AF013980). The isopropyl-B-p-thiogalactopyranoside (IPTG) inducibil-
ity of pBSK:porDGAB was optimized and verified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis as previously described (13).

Preparation of cell extracts and POR assays. For enzyme assays, H. pylori
strains were grown to late log phase in Brucella broth (BB) and harvested as
previously described (14). For E. coli strains expressing POR, the bacteria were
grown in LB broth at 37°C and following IPTG (final concentration, 1 mM)
induction for 2 h (optical density at 660 nm, 0.5 to 0.8), the bacteria were
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harvested for the enzyme assay. Bacteria were pelleted by centrifugation (6,000
X g) for 5 min at 4°C, washed once in phosphate-buffered saline (PBS) (4°C),
suspended in 100 mM potassium phosphate buffer (pH 7.0), and subjected to
10-s bursts from an ultrasonic probe (Heat Systems-Ultrasonics Inc. [Plainview,
N.Y.] sonifier). Following five cycles of bursts interspersed by 1 min of cooling in
an ice bath, the crude extract was centrifuged at 10,000 X g for 30 min at 4°C to
remove unbroken cells and debris. The supernatant was supplemented with 10
mM dithiothreitol during preparation to protect oxygen-sensitive enzymes. POR
enzyme assays were carried out at 25°C in 1-ml-volume cuvettes in a modified
Cary-14 spectrophotometer equipped with an OLIS data acquisition system (On
Line Instrument Co., Bogart, Ga.) (14). POR (EC 1.2.7.1) was assayed under
anaerobic conditions with a solution containing 100 mM potassium phosphate
(pH 7.0), 10 mM sodium pyruvate, 5 mM benzyl viologen (BV), 0.18 mM CoA,
1 mM MgCl, and 5 uM thiamine pyrophosphate. A few grains of sodium
dithionite was added to render the cuvette anaerobic, and pyruvate-dependent
reduction of BV at 546 nm was monitored (E = 9.2 mM ™' cm™"). The reference
cuvette contained no sodium pyruvate. POR was also assayed under aerobic
conditions with NTZ as the electron acceptor. For this assay, benzyl viologen and
dithionite were omitted, and nitroreduction of NTZ at 412 nm was monitored (E
= 0.55 mM ! ecm™!). NTZ was prepared as a 20-mg/ml stock solution in di-
methyl sulfoxide. Enzymatic activities are reported as nanomoles or micromoles
per minute per milligram of protein. Protein determinations were done using the
Bradford procedure (Bio-Rad) with bovine serum albumin as a standard. All
assays were performed in triplicate, and a mean and standard deviation were
computed. Variation in enzyme activity from batch to batch was also examined
in triplicate in bacterial extracts prepared on different days.

Purification and enzyme assays for FrxA and RdxA. FrxA and RdxA were
purified by nickel interaction chromatography following overexpression from
pET29 in BL21. Protein purification included denaturation of proteins in 6 M
urea and slow renaturation and elution from the nickel interaction column
(details to be published elsewhere). The substrate specificities of each enzyme
were determined spectrophotometrically in a 700-pl reaction volume containing
the following (final concentration in 1-ml volume): 50 mM Tris-HCI at pH 7.5,
0.1 mM NADPH, and 0.1 mM substrate. The reaction was initiated following
addition of the enzyme, and the initial rate was measured with a Beckman DU
520 spectrophotometer at the appropriate wavelength for each substrate at 23°C.
The oxidation of NADPH by RdxA or FrxA at 340 nm was monitored (E = 6.22
mM ™! cm™'). The reduction of various substrates was also monitored at the
appropriate wavelengths, which include the following: MTZ, 320 nm (E = 9.0
mM ™! em™); nitrofurazone, 400 nm (E = 12.6 mM ™! cm™'); nitrofurantoin,
420 nm (E = 12 mM ™' em™'); furazolidone, 400 nm (E = 188 mM ™' cm™');
and NTZ, 412 nm (E = 0.55 mM~! cm ™). All extinction coefficient values were
verified experimentally. Each assay was performed in triplicate, and the mean
and standard deviation was determined. All enzyme activities reported are within
a 5% error, and this includes variation from batch to batch purified by these
methods.

Determination of mutation frequency and susceptibility to NTZ, MTZ, and
the nitrofurans. New mutations to rifampin resistance were quantified as a
measure of drug-induced mutation in H. pylori strain 26695 (Mtz® and Mtz") and
in the E. coli tester strain CC104 as previously described (29). E. coli strains were
grown for 12 h in LB broth containing furazolidone, nitrofurazone, nitrofuran-
toin, NTZ, and MTZ (0, 1, 3, 5, and 10 pg/ml, respectively), and aliquots were
spread on LB agar containing 25 wg of rifampin/ml and on rifampin-free LB
agar. For H. pylori strains, the bacteria were first grown for 3 days on BA plates
supplemented with various concentrations of NTZ, furazolidone, or MTZ (0.5 to
15 pg/ml), and the growth was scraped off, suspended in PBS, and plated in
triplicate on BA in the presence or absence of 5 pg of rifampin/ml. The data were
normalized to 10® bacteria, and the mutation frequency was computed. Suscep-
tibility of bacteria to the various drugs was determined by spotting 10-fold
dilutions of exponentially growing cells, suspended in PBS, onto solid media (BA
or LB) supplemented with various concentrations of NTZ, MTZ, or nitrofurans
(0,0.1,0.25,0.5, 1, 2, 3, 5, 10, and 25 pg/ml). A strain was considered susceptible
to concentrations of a drug that caused at least a 10-fold decrease in the effi-
ciency of colony formation by individual cells (efficiency of plating [EOP]). We
have previously established that quantitative bacterial counts (EOP) were more
reliable in scoring MTZ susceptibility and resistance of H. pylori than the tradi-
tional agar dilution method, which relies on growth versus nongrowth after
spotting of suspensions of at least >10° cells on MTZ-containing medium (17,
18, 29). For consistency, the EOP protocol was employed for all the drugs used
in this study.

Alkaline gel DNA analysis. DNA fragmentation analysis was performed as
described previously for MTZ (29). Briefly, H. pylori strain 26695 was grown
overnight and used to inoculate 500-ml flasks containing 100 ml of BB to a
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standardized optical density at 600 nm of 0.25. A defined amount of nitrofura-
zone, NTZ, or MTZ was added to the culture and incubated with shaking at 37°C
for 30 min. Aliquots (1 ml) of the cultures were then harvested and prepared for
assessment of DNA fragmentation. As a control, 100 pl of cell suspension was
treated with 20 mM hydrogen peroxide (H,O,) at 37°C for 15 min to fragment
DNA.

Agarose plugs were prepared and treated as described previously (8) with
modifications outlined previously (29). Alkaline agarose gel electrophoresis gen-
erally followed the protocols of Zirkle and Krieg (36). Briefly, the agarose plugs
were placed into the preformed wells of a 0.8% agarose (Vector Biosystems or
Roche Diagnostics) gel prepared under alkaline conditions (30 mM NaOH, 10
1M EDTA). The agarose plugs were sealed in the wells with molten agarose and
then subjected to electrophoresis for 6 h at 25 mV. The gel was neutralized for
1 h in 30 mM NaCl-50 mM Tris-HCI (pH 6.0), stained for 1 h with 0.5 g of
ethidium bromide (Sigma)/ml, destained in distilled water (2 h), and visualized
under UV light.

RESULTS

MICs of NTZ and TIZ for clinical isolates. Thirty-six clinical
isolates were examined initially by the E-test for susceptibility
to MTZ, and 15 of them were determined to be Mtz". This was
confirmed by the ability to grow on BA supplemented with 18
pg of MTZ/ml. The MICs of NTZ and TIZ (the deacetylated
form of NTZ) were then determined for both susceptible and
resistant strains of H. pylori by agar dilution. For the 21 Mtz*
strains, the MICs of NTZ and TIZ were 1.21 pg/ml (standard
deviation, 0.75 pg/ml) and 1.06 pg/ml (standard deviation, 1.0
pg/ml), respectively; for the 15 Mtz" strains, the MICs of NTZ
and TIZ were 4.93 pg/ml (standard deviation, 3.82 pg/ml) and
4.60 pg/ml (standard deviation, 2.67 wg/ml), respectively. P
values for results with NTZ and TIZ were 0.002 and <0.001,
respectively, by Student’s ¢ test (with two samples, assuming
unequal variances). Mtz" isolates exhibited a nearly fourfold
increase in resistance to NTZ and TIZ, to 4 to 5 pg/ml. How-
ever, this level is so low that these strains would still be con-
sidered susceptible to clinically relevant levels of these drugs.
The Mtz" derivative HP1061, which contains a defined muta-
tion in rdxA (11), displayed the higher level of Ntz". Introduc-
tion of a wild-type rdxA nitroreductase gene on plasmid
pDH26 decreased MTZ susceptibility from 32 to 1 pg/ml. This
also reduced the intrinsic NTZ resistance from 8 to 1 pg/ml.
This suggested that the RdxA nitroreductase is one of the
enzymes that can activate this drug.

In related experiments, we examined the MIC for nitro-
furantoin of H. pylori strains containing defined rdxA4 and fix4
loss-of-function mutations. Strains carrying mutations in rdxA
exhibited the same plating efficiency as the parental strain for
nitrofurantoin, whereas some strains carrying mutations only
in fixA exhibited a modest twofold increase in resistance (data
not presented). This suggests a possible role for frxA4 in nitro-
furan activation. Since H. pylori strains containing loss-of-func-
tion mutations in both rdxA4 and fixA were still quite susceptible
to NTZ and the nitrofurans, other enzymes must be able to
activate these drugs.

Cloning and expression of POR in E. coli. The genes encod-
ing subunits of POR are essential for survival of H. pylori (3,
15). To test the possible role of POR in activation of nitro-
furans and NTZ, a 3.1-kbp DNA fragment containing the POR
operon of H. pylori strain 439 was cloned into pBSK and in-
troduced into E. coli. IPTG-induced POR activity was demon-
strated in cell extracts of E. coli carrying pBSK-POR using an
assay based on pyruvate-dependent reduction of BV as de-

ANTIMICROB. AGENTS CHEMOTHER.

A

Nitazoxanide Competition POR

Assay
600
2
£ 500 -
& 400 -
L
300 -
[
& 200 -
[+ 4
o,
0 :
0 8 16 32

Nitazoxanide Concentration (ng/ml)

aBSORBANCE

. 1 | \

a 1 2 3 4

MINUTES

FIG. 1. POR assay and competition with benzyl viologen.
(A) Competitive inhibition of POR activity (benzyl viologen reduction)
in H. pylori extracts as a function of NTZ concentration was monitored
spectrophotometrically at 546 nm. The specific activity at each con-
centration of nitazoxanide was recorded. (B) POR was assayed in cell
extracts of H. pylori by monitoring the pyruvate-dependent reduction
of nitazoxanide at 412 nm (A) as described in the text.

scribed previously (14). No BV reduction was detected in the
absence of pyruvate (data not presented). DNA sequence anal-
ysis revealed near-identity (3 to 5% DNA difference) of POR
operon sequences from H. pylori strain 439 (accession number
AF013980) to those of strains J99 and 26695, as expected.
NTZ reduction by POR. POR enzyme activity can be assayed
spectrophotometrically with several redox-active viologen dyes
(14, 15). To test whether NTZ could also serve as an electron
acceptor in this assay, we first determined if NTZ could com-
pete with BV for reducing equivalents generated during the
oxidative decarboxylation of pyruvate by POR. As seen in Fig.
1A, POR activity in cell extracts prepared from H. pylori was
ca. 500 nmol/min/mg of protein. Addition of NTZ led to a
concentration-dependent decrease in the rate of BV reduction.



VoL. 46, 2002

TABLE 1. POR activity of PORGDAB expressed in E. coli“
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TABLE 2. Substrate specificity of RdxA and FrxA nitroreductases

Sp act (nmol/min/mg of protein)

Sp act (wmol/min/mg of protein)“

Compound Substrate
JVQ2:pBSKPOR ABI1157:pPBSKPOR RdxA nitroreductase FrxA nitroreductase

NTZ 3,325 + 428 2,233 = 117 MTZ 5.13 <0.0002

Nitrofurazone 41254 379 £ 1.5 NADPH (MTZ)" 9.01 <0.0002

Nitrofurantoin 292 + 4.1 214 = 0.6 NTZ 13.4 222

Furazolidone 256 = 1.7 18104 Nitrofurazone <0.0002 0.50

MTZ <0.1 <0.1 Furazolidone <0.0002 1.50
Nitrofurantoin <0.0002 2.01

“The E. coli strains used in this study are AB1157 (wild type) and
JVQ2nfsAnfsB (deficient in nitroreductase activity). Plasmid pPPORGDAB con-
tains the POR operon in pBSK. Enzyme activities were determined under an-
aerobic conditions at the appropriate wavelength for each compound as detailed
in the text.

There was no time lag in BV reduction (BV was in excess),
indicating that NTZ did not directly reduce BV. These results
indicated that NTZ effectively competed with BV for reducing
equivalents (competitive inhibition), possibly by serving as an
electron acceptor.

To directly measure NTZ nitroreduction by POR and other
enzymes, we developed a spectrophotometric assay based on
spectral scan data identifying an absorption maximum for NTZ
at 412 nm (attributed to the 5-nitro group), which decreased
following chemical reduction by sodium hydrosulfite (dithion-
ite). A molar extinction coefficient for the spectral change
(oxidized minus reduced) was computed (0.55 mM ' cm ™' at
412 nm). Pyruvate-dependent reduction of NTZ in crude ex-
tracts of H. pylori is depicted in Fig. 1B. The specific activities
measured with NTZ generally paralleled those measured with
BV (500 nmol/min/mg of protein) and did not require addition
of dithionite to aid initiation of the reaction as is often re-
quired in the BV-based assay.

Substrate specificity of POR overexpressed in E. coli. POR
activity was determined in high-speed supernatants prepared
from extracts of pPBSK-POR plasmid-containing derivatives of
E. coli strains AB1157 (wild type) and JVQ2, null alleles of
nfsA and nfsB, the genes that encode nitroreductases that are
also active with nitrofuran substrates (34). POR specific activ-
ity (pyruvate dependent) was first determined with BV for each
batch of cell extract. Control extracts of E. coli strains not
carrying cloned POR genes displayed no BV reductase activity,
indicating that activity from strains expressing the POR operon
was due to POR itself. As seen in Table 1, recombinant POR
efficiently reduced NTZ (high specific activity, about 3,000
nmol/min/mg of protein). Pyruvate-dependent POR activity
was also 100-fold lower with each of the nitrofurans, and no
POR activity was detected when MTZ was used as the electron
acceptor (Table 1). This result is consistent with previous re-
ports that POR in extracts from H. pylori did not reduce MTZ
(11, 14).

Substrate specificity of purified RdxA and FrxA nitroreduc-
tases. The substrate specificities of the RdxA and FrxA ni-
troreductases were also studied (Table 2). RdxA directly re-
duced MTZ and NTZ in an NADPH-dependent reaction (5.13
and 13.4 pwmol/min/mg of protein, respectively) but displayed
no enzyme activity with the nitrofurans using either NADPH
or NADH as electron donors (< 0.2 nmol/min/mg of protein).
The higher specific activity with NTZ over MTZ might be due
to the lower redox potential required for MTZ reduction. The
stoichiometry for MTZ reduction by NADPH was approxi-

“ Specific activities are calculated as the means for five assays of each of two
independent batches of enzyme for FrxA and RdxA. The error in these assays is
<15%.

> NADPH oxidation was followed at 340 nm with MTZ as the electron accep-
tor.

mately 2:1, consistent with the predicted 4-electron reduction
(2 mol of NADPH per mol of MTZ) (11). Similar stoichiom-
etries were obtained with NTZ (data not presented).

In contrast to RdxA, purified recombinant FrxA exhibited
no activity with MTZ as the electron acceptor (Table 2), even
though overexpressed fix4 of E. coli rendered this normally
resistant strain (MIC, >500 wg/ml) rather susceptible to MTZ
(MIC, ~60 pg/ml versus <10 pg/ml for recombinant expressed
rdxA). However, FrxA reduced nitrofuran substrates (0.5 to 2
pmol/min/mg of protein) and was even more active with NTZ
(22.2 pmol/min/mg of protein). Like RdxA, FrxA activity was
NADPH dependent (data not presented). The nitrofuran sub-
strate specificity of FrxA was similar to that of the classical
nitroreductases of enteric bacteria (2).

NTZ- and furazolidone-induced mutagenicity tests. Partially
inhibitory (near MIC) concentrations of MTZ were highly
mutagenic for Mtz® and also Mtz" strains of H. pylori (29)
(Table 3). In contrast, NTZ, at or near its MIC, did not in-
crease the frequency of mutation to Rif* (Table 3). NTZ at
concentrations up to 5 pg/ml for HP26695 and 10 wg/ml for
HP26695:ArdxA decreased viability by 2 or more logs without
increasing the frequency of mutation to Rif". In contrast, par-
tially inhibitory concentrations of furazolidone were somewhat
mutagenic for HP26695 (6-fold) and more mutagenic for the
rdxA mutant (16-fold). In general, H. pylori was susceptible to
lower concentrations of furazolidone (MIC, <1 pg/ml) than of
NTZ (MICs, ~2 to 5 pg/ml).

Drug-induced mutation in E. coli strains (% rdxA). We also
tested for mutagenic effects of NTZ and nitrofurans with E.
coli (Rif" mutants) using the Rif® strain CC104. These results
were compared with those obtained using E. coli strains pro-
ducing RdxA nitroreductase in the case of NTZ (since RdxA
activates NTZ). The nitrofurans are considered weakly muta-
genic through the action of the hydroxylamino adduct with
nucleic acids (34). Each of the nitrofurans was weakly muta-
genic at or near its MIC, although none of the nitrofurans was
as mutagenic as MTZ for CC104 expressing rdxA (<22-fold
versus 500-fold; Table 4). Strain CC104 was particularly sus-
ceptible to being killed by the nitrofurans, especially furazoli-
done, and this made it difficult to accurately measure mutation
frequencies. NTZ, in contrast, was not bactericidal at the con-
centrations tested (MIC, >64 pg/ml), even for strains express-
ing RdXA in a nitroreductase-proficient background (Table 4).
E. coli strain JVQ2 expressing high specific activities of POR
was similarly resistant to killing by NTZ (MIC, >64 pg/ml).
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TABLE 3. Mutagenic action of sublethal concentrations of MTZ, NTZ, and furazolidone on Mtz* and Mtz" H. pylori
Mutation frequency (no. Rif"/10%)
Drug concn Metronidazole Nitazoxanide Furazolidone
(ng/ml)
WT (EOP) rdxA (EOP) WT (EOP) rdxA (EOP) WT (EOP) rdxA (EOP)
0 12 (1) 8 (1) 227 (1) 6.10 (1) 1.0 (1) 435(1)
0.25 NT? NT 1.27 (1) NT 2.64 (0.1) 16.43 (1)
0.5 NT NT 1.50 (1) 2.94 (1) 6.90 (0.1) 64.91 (0.1)
1.0 14 (1) 5(1) 1.41 (0.5) 4.46 (1) 0(1073) 0
2.0 69 (1072) 10 (1) 0.97 (0.1) 2.47 (1) NT NT
3.0 144 (107?) 5(1) NT NT NT NT
5.0 0(0) 12 (1) 0 (107%) 5.26 (0.5) NT NT
10.0 NT NT NT 0(10°%) NT NT
25.0 NT 213 (1072) NT NT NT NT

¢ Strains used were 26695 and the rdx4 mutant. 0, insufficient survivors from which to calculate a mutation frequency. The data represent the means of three

determinations each from two independent experiments. WT, wild type.
> NT, not tested.

The intrinsic resistance of E. coli to NTZ might stem from lack
of uptake or mechanisms of inactivation that do not involve
nitroreduction.

DNA fragmentation as a measure of DNA damage. To test
for NTZ- or nitrofurazone-induced DNA damage, H. pylori
strain 26695 was incubated for 30 min in BB with different
concentrations of NTZ, nitrofurazone or MTZ (0 to 25 pg/ml),
and, for comparison, with 20 mM H,0,, an oxidant that causes
DNA fragmentation (36). Figure 2 shows that neither NTZ nor
nitrofurazone produced significant DNA fragmentation in H.
pylori at concentrations up to 25 pg/ml (fivefold higher than
MICs for these drugs). In contrast, MTZ at concentrations as
low as 1 pg/ml produced substantial DNA fragmentation (see
Fig. 2).

Since the nitrofurans are also toxic for E. coli, we also tested
whether they might cause DNA damage in this species. How-
ever, none of the nitrofuran drugs produced detectable DNA
fragmentation in E. coli CC104, even at concentrations that
were in fivefold excess of their MIC (see Fig. 3). Similarly,
except at the highest concentration of NTZ tested (100 pg/ml),
there was little NTZ-induced DNA fragmentation in E. coli,
even when a functional rdxA gene was present (see Fig. 4),
which does potentiate MTZ-induced DNA fragmentation (29).
Thus, both the nitrofurans and NTZ differ fundamentally from
MTZ in that they cause bacterial killing without causing major
DNA strand breakage and in the case of NTZ without causing
mutation.

DISCUSSION

Here we report that NTZ, a promising prodrug with in vitro
activity against H. pylori, is activated via nitroreduction by
three enzymes: pyruvate oxidoreductase (PorGDAB), RdxA,
an oxygen-insensitive NADPH nitroreductase, and FrxA, an-
other oxygen-insensitive flavin NADPH nitroreductase. Since
Mtz" H. pylori bacteria are generally sensitive to NTZ and
nitrofuran (19, 21), we sought to establish the biochemical
basis for their antimicrobial activities. In tests of substrate
preferences, we found that POR, an essential enzyme of H.
pylori, was most active with NTZ as the electron acceptor, was
nearly 100-fold less reactive with nitrofuran substrates, and
exhibited no MTZ reductase activity (as seen before [11,14]).

TABLE 4. Frequency of rifampin resistance in
E. coli tester strain CC104

Strain, compound, Rif* frequency

and concn (wg/ml)” Survival” (per 108y Fold
CC104
Nitazoxanide
0 1 48
5 1 6.7
10 1 26
CC104(pGS950)
Nitazoxanide
0 1 7.0
5 1 55
10 1 6.3
CC104
Nitrofurazone
0 1 3.36
1 1 26.4 7.9
2 0.7 58.6 17.4
5 1073 75.4 224
Nitrofurantoin
0 1 336
1 0.9 6.14 1.8
2 0.9 8.59 2.6
5 2.5 %1072 32.58 9.7
Furazolidone
0 1 336
0.1 102 64.0 19
1 1073 0
Control?
Metronidazole
0 1 0.75
5 1072 53 70
10 10°* 378 504

“ The bacteria (E. coli CC104 + pBSK or CC104 + pGS950rdxA™) were grown
on LB agar with the appropriate concentration of drug and then plated on
medium containing rifampin as indicated in the text.

® EOP — efficiency of plating (EOP of 1 = no loss of viability).

¢ The Rif" frequencies represent the means of three determinations and are
reported as the number of Rif" colonies per 10® bacteria plated.

4 Similar to data of Sisson et al. (29); included for comparison. Control,
CC104(pGS950).
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FIG. 2. Lack of NTZ- or nitrofuran-induced DNA fragmentation
in H. pylori. The MTZ? strain H. pylori (Hp) 26695 was challenged with
various concentrations of NTZ or nitrofurazone for 30 min as de-
scribed in the text. The bacteria were suspended and lysed in agarose
plugs, and agarose gels were run under alkaline conditions to display
the extent of DNA fragmentation of denatured genomic DNA. Bac-
teria were treated with hydrogen peroxide (20 mM) for 15 min (pos-
itive controls). wt, wild type.

The substrate preferences of RdxA and FrxA were dependent
on the redox potential of the 5-nitro group of the prodrug, with
RdxA reducing MTZ (low redox potential, —485 mV) and
FrxA reducing nitrofurans (higher redox potential, —270 mV).
The two enzymes reduced NTZ equally (mid-range redox po-
tential, ~—360 mV), indicating functional overlap in this redox
range. The substrate preferences of FrxA resemble those of
the classical nitroreductases of enteric bacteria, to which FrxA
is most closely related (11, 34). While some classical nitrore-
ductases exhibit weak MTZ reductase activity as indicated by
mutagenicity of MTZ in the Ames test and the increased sus-
ceptibility of E. coli to MTZ when expressing a cloned frxA
gene (17), the substrate preference and high specific activity
displayed by the RdxA nitroreductase for MTZ is unprece-
dented and apparently unique to this H. pylori enzyme. The
expression of several nitroreductases of differing substrate
specificities is rather common among bacteria, and they likely
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[Drug] (ug/mi)

Nitrofurantoin
10 15 §

Furazolidone
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3 10 15
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H

8

FIG. 3. Lack of drug-induced DNA fragmentation of E. coli strain
CC104 carrying pBSK. The bacteria were grown in the presence of the
nitrofuran drugs as described in the text. The preparation of agarose
plugs is as described in Fig. 2. Hydrogen peroxide was added at a 20
mM concentration as a positive control. The distinct bands noted in
each of the lanes are pBSK plasmid DNA.

contribute to maintenance of cytoplasmic redox potential or to
the regeneration of NAD(P) through the oxidation of a wide
range of redox active substrates (2, 11, 34).

In H. pylori POR, ferredoxin is a subunit of the holoenzyme
and does not serve as a carrier of reducing equivalents (14, 15).
The POR operon is essential for viability, which explains why
null mutations that might produce an Ntz" phenotype have not
been isolated. In contrast, null mutations in the nonessential
rdxA and then in fix4 genes are responsible for most or all of
the high-level Mtz resistance observed with clinical isolates
(17, 18). These Mtz" variants remain susceptible to NTZ and
the nitrofurans because they must retain POR activity.

Mutations in FrxA and RdxA appear to influence the rela-
tive MICs of nitrofurans and nitazoxanide for a strain, but
these increases are small and not sufficient to confer clinically
significant resistance. In general, clinical isolates with con-
firmed MTZ resistance displayed a fourfold-lower susceptibil-
ity to NTZ (MIC of ~5 pg/ml) and are assumed (based on
previous findings [17,18]) to be rdx4 or both rdxA and frxA
deficient. Tests with isogenic mutant lab strains showed that
fixA inactivation caused at best a twofold increase in nitrofuran
resistance, while rdxA inactivation did not affect nitrofuran
resistance. FrxA levels vary among strains (17), and we note
here that variability was similarly seen in resistance to nitro-
furans. These strain susceptibility data agree with enzymologi-
cal data showing that only FrxA is active with nitrofurans. MIC
levels for furazolidone- and nitrofurantoin-resistant strains of
H. pylori are in the 4-pg/ml range (16, 19), suggesting that
genes other than fix4 are involved in this low-level resistance
to nitrofurans.

We isolated H. pylori mutants resistant to NTZ (MIC, 8 to 16
pg/ml). One of these strains contained an rdx4 null allele
(frame shift) and displayed high-level Mtz resistance (32 pg/
ml). Susceptibility to both NTZ and MTZ was restored by
introduction of a functional rdxA gene on a shuttle plasmid,
indicating that cross-resistance to NTZ is conferred by muta-
tions that cause MTZ resistance, a result that disagrees with an
earlier assessment of NTZ (21). No cross-resistance between
nitrofurans and MTZ was found however, since laboratory-
induced mutations in rdxA and frx4 did not increase resistance
to nitrofurans (19). It is curious, however, that all nitrofuran-
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FIG. 4. Lack of nitazoxanide-induced DNA fragmentation of E. coli strains carrying rdxA of H. pylori. E. coli strain CC104 containing either
pBSK (control) or pGS950 (rdxA ™) was grown in the presence of NTZ, and bacteria were suspended and lysed in agarose plugs and electropho-
resed as described for Fig. 2 and detailed in the text. Hydrogen peroxide was added at a 20 mM concentration as a positive control. The distinct

bands noted in the various lanes are plasmid DNA.

resistant clinical isolates studied to date are also resistant to
MTZ (19). Perhaps rdxA inactivation confers some selective
advantage during exposure to nitrofurans in vivo, or perhaps
these strains have acquired additional mutations affecting drug
transport or efflux or having subtle effects on POR substrate
ranges that do not abolish its essential enzyme activity.
Mechanism of action of NTZ and nitrofurans. The antimi-
crobial action of nitrofurans, nitrothiazoles, and nitroimidaz-
oles is generally believed to result from a 4-electron reduction
of the 5-nitro group to short-lived redox active intermediates,
including hydroxylamine adducts that are biologically active (7,
12, 22). We had found that MTZ reduction leads to transver-
sion and transition base mutations and sufficient DNA frag-
mentation to cause lethality (29). The lack of DNA fragmen-
tation by nitrofurans and NTZ suggests that the activated
forms of these drugs act differently from MTZ. Furthermore,
NTZ was not mutagenic for either H. pylori or E. coli strains
expressing enzymes that activate NTZ. We confirmed here
previous studies showing that the nitrofurans were weakly mu-
tagenic (Ames test), but less so than MTZ (7, 32). Based on the
relatively high specific activity of POR, RdxA, and FrxA for
NTZ, we suggest that NTZ killing involves competition for
reducing equivalents and disruption of bioenergetic processes.
For example, NTZ reduction by the nitroreductases might
drain cellular NADPH pools; in the case of POR, reducing
equivalents generated from the oxidative decarboxylation of
pyruvate would not be available for NADP reduction, the
recipient of its generation (15). Also tenable, however, are
models in which NTZ or nitrofuran activation generates novel

biologically active intermediates that target a different enzyme
function or process.

NTZ exhibits broad-spectrum activity against anaerobic bac-
teria in general (6) and against parasites such as Giardia, Ent-
amoeba, Trichomonas, Cryptosporidium (27), and helminths.
This suggests a common mechanism of action: our preliminary
studies indicate that pyruvate:ferredoxin oxidoreductase is the
target of action of NTZ in Trichomonas vaginalis, E. histolytica,
and Clostridium perfringens (9).

In summary, we have identified three enzymes in H. pylori
that activate NTZ, a promising therapeutic agent with a broad
spectrum of activity against microaerobic bacteria, anaerobic
protozoa, anaerobic bacteria, and helminths. Our development
of a spectrometric assay for NTZ reduction should aid the
identification of redox active enzymes in other susceptible
pathogens that also mediate reduction of NTZ. Our work also
suggests that the mode of action of NTZ differs from that of
MTZ but may overlap with that of the nitrofurans. The inabil-
ity of H. pylori to mutate to high or clinically significant levels
of resistance to NTZ and the lack of mutagenicity of this agent
especially emphasize its potential utility in combination ther-
apies to treat H. pylori infections worldwide.
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