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We discovered novel catalytic activities of two atypical
NADPH-dependent oxidoreductases (EhNO1/2) from the
enteric protozoan parasite Entamoeba histolytica. ENNO1/2
were previously annotated as the small subunit of glutamate
synthase (glutamine:2-oxoglutarate amidotransferase) based
on similarity to authentic bacterial homologs. As E. histo-
lyticalacks the large subunit of glutamate synthase, EELNO1/2
were presumed to play an unknown role other than gluta-
mine/glutamate conversion. Transcriptomic and quantita-
tive reverse PCR analyses revealed that supplementation or
deprivation of extracellular L-cysteine caused dramatic up- or
down-regulation, respectively, of EhNO2, but not EhNO1
expression. Biochemical analysis showed that these FAD-
and 2[4Fe-4S]-containing enzymes do not act as glutamate
synthases, a conclusion which was supported by phylogenetic
analyses. Rather, they catalyze the NADPH-dependent
reduction of oxygen to hydrogen peroxide and L-cystine to
L-cysteine and also function as ferric and ferredoxin-NADP*
reductases. EhNO1/2 showed notable differences in substrate
specificity and catalytic efficiency; EhNO1 had lower K,,, and
higher k_,/K,, values for ferric ion and ferredoxin than
EhNO2, whereas EERNO2 preferred L-cystine as a substrate. In
accordance with these properties, only ENNO1 was observed
to physically interact with intrinsic ferredoxin. Interestingly,
EhNO1/2 also reduced metronidazole, and E. histolytica
transformants overexpressing either of these proteins were
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more sensitive to metronidazole, suggesting that EhNO1/2
are targets of this anti-amebic drug. To date, this is the first
report to demonstrate that small subunit-like proteins of glu-
tamate synthase could play an important role in redox main-
tenance, L-cysteine/L-cystine homeostasis, iron reduction,
and the activation of metronidazole.

Glutamate synthase (glutamine:2-oxoglutarate amidotrans-
ferase, GOGAT?) is an iron sulfur flavoprotein that catalyzes
the transfer of the amide group of L-glutamine to 2-oxoglutrate
to yield L-glutamate and is a key enzyme in the nitrogen assim-
ilation pathway. In eubacteria, this enzyme is dependent on the
pyridine nucleotide NAD(P)H for its reducing equivalents and
is composed of large 150-kDa («) and small 50-kDa (3) subunits
that together form the active a8 protomer (1). The structural
genes encoding the a and f subunit polypeptides are com-
monly designated gltB and gltD, respectively, and lie adjacent
on the chromosome with the « subunit preceding the 8 sub-
unit, except in vy-proteobacteria, where the gene order is
reversed. The small subunit of eubacterial glutamate synthase
shows sequence similarity to several other protein domains and
enzyme subunits (2, 3) and is, therefore, proposed to represent
a prototype domain used in many different cellular processes to
transfer electrons from NAD(P)H to an acceptor protein or
protein domain of unknown function (4). In concord with this
view, numerous organisms have been recently identified to pos-
sess glutamate synthase 3 subunit-like genes based on DNA
sequence homology (4, 5); however, the organisms often lack a
gene encoding the corresponding « subunit, or the 8 subunit
is not present adjacent to the « subunit and is, therefore, tran-
scribed independently (5, 6). To our knowledge, among the
organisms lacking a putative GOGAT « subunit, only the
GOGAT B subunit from Thermococcus kodakaraensis (renamed
from Pyrococcus sp. KOD1) has been functionally associated with
independent GOGAT activity (7).

3 The abbreviations used are: GOGAT, glutamine:2-oxoglutarate amidotrans-
ferase; EhNO, E. histolytica NADPH-dependent oxidoreductase; rEnNO,
recombinant EhNO; INT, iodonitrotetrazolium; CE, capillary electrophore-
sis; SoFd, S. oleracea ferredoxin; EnFd1, E. histolytica ferredoxin.
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Entamoeba histolytica, the causative agent of human amebi-
asis, is an enteric protozoan parasite responsible for amebic
colitis and extraintestinal abscesses in approximately 50 million
inhabitants of endemic areas (8). As is the case with other
microaerophilic parasitic infections, such as giardiasis and
trichomoniasis, the 5-nitroimidazole drug metronidazole has
been established as the most effective treatment of amebiasis.
Because of the high prevalence of these infections (9) and
because of its role as a second-line defense against Helicobacter
pylori infections (10), metronidazole has been included in the
list of “essential medicines” by the World Health Organization
(11). Metronidazole is a prodrug that requires reduction of the
nitro group to generate the cytotoxic nitroradical anion that
undergoes further reduction resulting in the generation of
nitrosoimidazole (12, 13). This active form can then react with
sulfhydryl groups (14) and DNA (15) while being further
reduced to an amine via a hydroxylamine intermediate. Here,
we report for the first time multiple novel roles of two GOGAT
B subunit-like proteins in E. histolytica. We demonstrated that
they are not associated with glutamate synthase activity but
instead exhibit robust reductase activities against L-cystine,
ferredoxin, and ferric ion and are also involved in the response
to oxidative stress. In addition, we showed that these enzymes
can be capable of reducing and activating metronidazole and,
thus, are responsible for its observed toxicity against E. histo-
lytica. We designated the novel NADPH-dependent oxido-
reductases as ERNO1 and -2.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—1-Cysteine, L-cystine, trans-ep-
oxysuccinyl-L-leucylamido-(4-guanidino) butane, cytochrome
¢, iodonitrotetrazolium (INT), and metronidazole were pur-
chased from Sigma. Nickel-nitrilotriacetic acid-agarose was
purchased from Merck. All other chemicals of analytical grade
were purchased from Wako Pure Chemical (Osaka, Japan)
unless otherwise stated.

Microorganisms and Cultivation—Trophozoites of the
E. histolytica clonal strain HM1:IMSS cl 6 were maintained
axenically in Diamond’s BI-S-33 medium at 35.5°C as de-
scribed previously (16, 17). Trophozoites were harvested in the
late logarithmic growth phase for 2—3 days after inoculation of
Y50 to Y12 of the total culture volume. After the cultures were
chilled on ice for 5 min, trophozoites were collected by centri-
fugation at 500 X g for 10 min at 4 °C and washed twice with
ice-cold PBS (pH 7.4). Escherichia coli BL21 (DE3) strain was
purchased from Invitrogen.

Quantitative Real-time PCR—Trophozoites were cultured in
BI-S-33 medium supplemented with or without 10 mm L-cys-
teine (18 or 8 mM final, respectively). After placing the culture
on ice for 5 min, the trophozoites were harvested by centrifu-
gation at 500 X g for 5 min at 4 °C. Polyadenylated RNA was
extracted from ~6 X 10° tropozoites with an mRNA isolation
kit (Stratagene, La Jolla, CA) and then treated with deoxyribo-
nuclease I (Invitrogen). cDNA was reverse-transcribed with 4
pg of isolated polyadenylated RNA, the SuperScript III First-
Strand Synthesis System, and an oligo(dT),, primer (Invitro-
gen). PCR was performed with the resulting cDNA as a tem-
plate and specific oligonucleotide primers using the ABI PRISM
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7300 Sequence Detection System (Applied Biosystems, Japan).
The primers used were 5'-AGCTGCACCAGTTCCAA-
TTC-3" and 5'-CAATCCCCAGCTGCATATAA-3" (EhNO1),
5'-CAGTTCCAATTCCAGGCAGT-3" and 5'-TTGGTCCT-
GTAACACAATCTCCT-3’ (EhNO2), and 5'-GATCCAAC-
ATATCCTAAAACAACA-3" and 5'-TCAATTATTTTCT-
GACCCGTCTTC-3" (RNA polymerase II 15-kDa subunit,
GenBank™ accession number XM _643999). The parameters
for PCR were as follows: an initial step of denaturation at 95 °C
for 9 min followed by 40 cycles of denaturation at 94 °C for 30s,
annealing at 50 °C for 30 s, and extension at 65 °C for 1 min and
a final step at 95 °C for 9 s, 60 °C for 9 s, and 95 °C for 9 s was
used to remove primer dimers.

Amino Acid Comparison and Phylogenetic Analysis—Amino
acid sequences of the GOGAT B subunit and B subunit-like
proteins from 40 other organisms were obtained from the
DDBJ/EBI/GenBank™ data base using BLASTP searches with
the novel amebic NADPH-dependent oxidoreductases (EhNO1
and EhNO2) described in this paper as queries. Sequence align-
ments of these proteins were generated using the ClustalW
program (18). The alignments obtained by ClustalW were
inspected and manually corrected using the Genedoc program
(19). After the removal of all gaps, 326 unambiguously aligned
residues were selected for phylogenetic analyses. The neighbor-
joining and maximum parsimony methods were used to con-
struct a final phylogenetic tree for 32 sequences using the
MEGAA4.1 program (20). The branch lengths and bootstrap val-
ues of 1000 replicates (in percentage) in these trees were
obtained from the neighbor-joining analysis.

Construction of Plasmids—Standard techniques were used
for cloning and plasmid construction, as previously described
(21). Genes encoding EhNO1 and EhNO2 were cloned to
produce a fusion protein containing a histidine tag (provided
by the vector) at the amino terminus. The cDNA corre-
sponding to the open reading frames of EENO1 and EhNO2
was amplified by PCR using an E. histolytica cDNA library
(22) as a template and oligonucleotide primers. The sense
and antisense oligonucleotide primers used to amplify
EhNO1 and EhNO2 were 5'-CTTATAAGGATCCATGAA-
GAGTTTCAACATTA-3" and 5'-ATAGTCGACTTAATC-
TTGTTCCATTGGG-3' (EhNO1) and 5'-CTTATAAGGA-
TCCATGGCTGCTAATTATAATA-3" and 5'-ATAGTC-
GACTTATTCTTCATTTTTTTTACCC-3' (EhNO2) (bold
letters indicate BamHI and Sall restriction sites). PCR was
performed with Platinum Pfx DNA polymerase (Invitrogen)
and the following parameters: an initial incubation at 94 °C
for 2 min followed by 30 cycles of denaturation at 94 °C for
15 s, annealing at 45 °C for 30 s, and elongation at 68 °C for 2
min and a final extension at 68 °C for 10 min. The PCR frag-
ments were digested with BamHI and Sall, subjected to gel
electrophoresis, excised, purified with the Gene clean kit II
(BIO 101, Vista, CA), and then ligated into BamHI- and SalI-
digested pCOLD I (Takara Bio, Otsu, Japan) in the identical
orientation as the T7 promoter to generate pCOLDI1-
EhNO1 and pCOLD1-EhNO2. The nucleotide sequences of
the cloned EhNO1 and EhNO2 genes were verified by
sequencing to be identical to the putative protein coding
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regions of XP_656997 and XP_653573, respectively, in
E. histolytica.

Bacterial Expression and Purification of Recombinant
EhNO (rEhNO)—The pCOLD1-EhNO1 and pCOLD1-EhNO2
expression constructs were introduced into competent E. coli
BL21 (DE3) cells by heat shock at 42 °C for 30 s, and the result-
ing transformants were grown at 37 °C in 100 ml of Luria Ber-
tani medium in the presence of 50 pug/ml ampicillin. The over-
night culture was then used to inoculate 500 ml of fresh
medium, which was further cultured at 37 °C with shaking at
180 rpm. When the A4, reached 0.6, 1 mm isopropyl B-p-thio-
galactopyranoside was added to induce protein expression, and
cultivation was continued for 24 h at 15 °C. The E. coli cells
were then harvested by centrifugation at 4050 X g for 20 min at
4 °C, and the resulting cell pellet was washed with PBS (pH 7.4)
and re-suspended in 20 ml of lysis buffer (50 mm Tris-HCl
(pH 8.0), 300 mm NaCl, and 10 mm imidazole) containing 0.1%
Triton X-100 (v/v), 100 pg/ml lysozyme, and 1 mm phenyl-
methylsulfonyl fluoride. After a 30-min incubation at room
temperature, the cells were sonicated on ice and centrifuged at
25,000 X g for 15 min at 4 °C. The supernatant was mixed with
1.2 ml of a 50% nickel-nitrilotriacetic acid His-bind slurry (Qia-
gen, Tokyo, Japan) and incubated for 1 h at 4 °C with gentle
shaking. The rERNO-bound resin was washed three times with
buffer A (50 mm Tris-HCI (pH 8.0), 300 mm NaCl, and 0.1%
Triton X-100, v/v) containing 10 -50 mMm imidazole, and bound
proteins were then eluted with buffer A containing 100-300
mM imidazole. After the integrity and purity of the rERNO pro-
teins were confirmed by 12% SDS-PAGE analysis and Coomas-
sie Brilliant Blue staining, they were extensively dialyzed twice
against a 300-fold volume of 50 mm Tris-HCl, 150 mm NaCl, pH
8.0, containing 10% glycerol (v/v) and the Complete Mini Pro-
tease Inhibitor Mixture (Roche Applied Science) for 18 h at
4. °C. The concentrations of the dialyzed proteins were spectro-
photometrically determined by the Bradford method using
bovine serum albumin as a standard as previously described
(23). The rERNO proteins were stored at —80 °C in 20% glycerol
in small aliquots until needed.

Analysis of Prosthetic Groups—UV-visible absorption spec-
tra of rEhNO1 (400 ug) and rERNO2 (200 ug) were measured
under both non-reducing and sodium dithionite-reducing con-
ditions. The purified recombinant proteins were reduced with a
10-fold molar excess of sodium dithionite in 200 wl. Flavin was
liberated from the recombinant enzymes by boiling samples for
10 min and then separated from proteins by centrifugation at
14,000 X g for 10 min. To determine whether FAD or FMN
formed a prosthetic group, the fluorescence with excitation and
emission wavelengths of 450 and 535 nm, respectively, was
measured at pH 2.6 and 7.7 according to the method of Faeder
and Siegel (24) using a fluorescence spectrophotometer (model
F-2500; Hitachi).

Iron Assay—The iron content of EhNOs was determined by
the O-phenanthroline method as previously described (25).
Briefly, 60 ul samples of rERNO1 and rEhNO2 were mixed with
4 ul of concentrated HCl and then diluted with distilled water
to 0.2 ml. After the resulting mixtures were heated to 80 °C for
10 min and cooled to room temperature, they were then mixed
with 0.6 ml of water, 40 ul of 10% hydroxylamine hydrochlo-
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ride, and 0.2 ml of 0.1% O-phenanthroline and further incu-
bated at room temperature for 30 min. The absorbances at 512
nm (A;,,) were then measured, and the iron concentrations
were determined by comparison to a standard curve generated
with 0-100 um ferrous sulfate.

Enzyme Assays—Glutamate synthase activity was assayed
spectrophotometrically by measuring the rate of NADPH or
NADH oxidation at 340 nm with slight modifications of the
procedure described by Jongsareejit et al. (7). The 200-ul assay
mixture contained 20 mm potassium phosphate buffer, pH 7.5,
5 mM concentrations each of L-glutamine and 2-oxoglutarate,
0.4 mM cofactor (NADPH or NADH), and varying concentra-
tions of rEhNO proteins. The reaction was initiated by the
addition of cofactor and was performed at 37 °C. To test for
ammonia-dependent activity, glutamine was replaced with 100
mm NH,CL.

Oxidoreductase Activity—The NADPH-dependent reduc-
tion of menadione was monitored in a coupling assay under
aerobic conditions. The rate of reduction of cytochrome ¢ by
menadione was monitored by the absorbance at 550 nm (€55, =
21.1 mMm~ ! cm ™). Measurements were made in 50 mm Tris-
HCI (pH 7.5), 200 um NADPH, 1 uM menadione, and 30 um
cytochrome c. The reactions were initiated by the addition of 2
g of rEhNO1/2.

For the other electron acceptors tested, a standard mixture
containing 0.1 mm NADPH, 50 mm Tris-HCI (pH 7.5), and
either 0.5 mm INT, 1 mm potassium ferricyanide, or 10 mm
paraquat was used. The reactions were initiated by the addition
of 2 nug of rERNO1/2 enzyme, and the reduction of the accep-
tors was monitored spectrophotometrically at 490 nm for INT
(e=185mm ' cm™ 1), 410 nm for potassium ferricyanide (€ =
1 mM ' cm '), and 340 nm for paraquat (NADPH oxidation,
€=6.22mM 'cm™'). One unit of enzyme activity was defined
as the formation of 1 wmol of product/min/mg of protein.

Metronidazole reduction activity was determined by mea-
suring the oxidation of NADPH at 340 nm (€3,, = 6.22 mm "
cm™ ') or the reduction of metronidazole at 360 nm (€;4, = 9.2
mm ™' cm ™), as described by Chen and Blanchard (26). Assays
were conducted at room temperature under strict anaerobic
conditions. The reactions were initiated by the addition of 2 ug
of rEhNO protein to a mixture comprising 50 mm Tris-HCI (pH
8.0), 0.5 mM metronidazole, and 0.2 mm NADPH.

The cystine reductase activity was calculated as umol of
NADPH oxidized per min at 340 nm. The assay mixture con-
tained 0.1 M potassium phosphate (pH 7.5), 2 mm EDTA, 0.05-
0.2 mmM NADPH, and 0.1-5 mM L-cystine. Approximately 2 ug
of rEhNO1/2 was added to initiate the reaction, and the change
in absorbance at 340 nm was monitored. The effects of sulfydryl-
dependent inhibitors were examined by preincubation of 2 ug
of rEhNO1 and rEhNO2 with 0.1-5 mMm N-ethylmaleimide for
10 min before the various assays. All sample reactions were
performed in triplicate at a minimum.

NAD(P)H:flavin oxidoreductase activity was assayed by
measuring the initial rate of NAD(P)H oxidation at 340 nm (e =
6.22 mMm 'cm ') at 25 °C as described by Lo and Reeves (27).
One unit of NAD(P)H:flavin oxidoreductase activity was
defined as the amount of enzyme that catalyzed the oxidation of
1 wmol of NAD(P)H/min.
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Ferric reductase activity was determined by measuring the
difference of NAD(P)H consumption at 340 nm in the presence
and absence of Fe(IIIl) ammonium citrate. Reaction mixtures
containing 0.2 mm NADPH, 100 mm Tris-HCl (pH 7.5),
0.005—1 mM ferricammonium citrate, and 2 ug of rERNO1 and
-2 were used for the assays.

Ferredoxin-NADP™ reductase activity was determined by
measuring ferredoxin-dependent reduction of cytochrome c
(28). Activity was measured by monitoring cytochrome c
reduction at 550 nm (e = 21.1 mm~ ' cm ') in a reaction mix-
ture containing 0.1 mm NADPH, 0.01-0.5 uM ferredoxin, 10
uM cytochrome ¢, and 50 mm Tris-HCI buffer (pH 7.5). The
reactions were initiated by the addition of 1 ug of rERNO1
and -2.

Determination of H,O, Formation—The ferrithiocyanate
method (29) was used to measure H,O, formation at various
time points (1-30 min) during the NADPH:favin oxidoreduc-
tase reaction. After the reactions were terminated by the addi-
tion of 0.125 volumes of 50% trichloroacetic acid, the samples
were centrifuged at 12,000 X g, and 0.2 volumes of 10 mu fer-
rous ammonium sulfate and 0.1 volumes of 2.5 M potassium
thiocyanate were then added. In the presence of H,O,, Fe*™ is
oxidized, resulting in a colored thiocyanate-Fe>" complex that
can be measured by its absorption at 480 nm. The quantity of
H,0, formed was determined by comparison of the A 4, values
to standard curves generated using known amounts of H,O,,.

Metabolite Extraction—Approximately 1.5 X 10° E. histo-
lytica cells were harvested after 48 h of cultivation and washed
twice with 5% mannitol. The cells were then resuspended in 1.6
ml of methanol containing 20 um concentrations of the internal
standard methionine sulfone acid and mixed with 1.6 ml of
chloroform and 640 ul of deionized water. After vortexing, the
mixture was centrifuged at 4600 X g at 4 °C for 5 min, and the
aqueous layer (1.6 ml) was filtrated using an Amicon Ultra-
free-MC ultrafilter (Corporation, Billerica, MA) by centrifuga-
tion at 9100 X g at 4 °C for ~2 h. The filtrate was dried and
preserved at —80 °C until mass spectrometric analysis.

Instrumentation and Capillary Electrophoresis (CE)-Time of
Flight Mass Spectrometry (TOFMS) Conditions—CE-TOFMS
was carried out using an Agilent CE Capillary Electrophoresis
System equipped with an Agilent 6210 Time-of-Flight mass
spectrometer, Agilent 1100 isocratic HPLC pump, Agilent
G1603A CE-MS adapter kit, and Agilent G1607A CE-ESI-MS
sprayer kit (Agilent Technologies, Waldbronn, Germany). The
system was controlled by Agilent G2201AA ChemStation soft-
ware for CE. Data acquisition was performed by Analyst QS
Build: 7222 software for Agilent TOF (Applied Biosystems/
MDS Sciex, Ontario, Canada). Instrumental conditions for the
separation and detection of metabolites were as follows. The
metabolites were separated on a fused silica capillary (50 pm X
100 cm) using 1 M formic acid as the electrolyte, and the applied
voltage was set at +30 kV. A solution of 50% (v/v) methanol-
water was delivered as the sheath liquid at 10 ul/min (30, 31).
Electrospray ionization-TOFMS was conducted in the positive
ion mode (4000 V). The pressure of dry nitrogen gas was main-
tained at 10 p.s.i. Exact mass data were acquired over a 50 —1000
m/z range (32, 33). Before analysis, the sample was dissolved in
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20 pl of deionized water containing 200 um concentrations of
the internal standard 3-aminopyrrolidine.

Generation of E. histolytica Transformants Overexpressing
EhWNO—The protein coding regions of EhNO1 and EhNO2
were amplified by PCR from cDNA using sense and antisense
oligonucleotides containing appropriate restriction sites at the
5" end. The sense and antisense oligonucleotide primers used
for EENO1 and EhNO2 were 5'-CTACCCGGGATGAAGAG-
TTTCAACATTACA-3' and 5'-CAACTCGAGTTAATCTT-
GTTCCATTGGGGT-3' (EhNO1) and 5'-CTACCCGGGAT-
GGCTGCTAATTATAATAGA-3" and 5'-CAACTCGAGTT-
ATTCATTTTTTTTACC-3" (EhNO2) (bold letters indicate
restriction sites). The PCR-amplified DNA fragments were
digested with Smal and Xhol and ligated into Smal and Xhol
sites of the expression vector pKT-MR (34) to produce pKT-
MR-NOI1 and pKT-MR-NO2. Wild-type trophozoites were
transformed with pKT-MR by liposome-mediated transfection
as previously described (35). Transformants were initially
selected in the presence of 3 wg/ml Geneticin (Invitrogen),
which was then gradually increased to 6 —20 ug/ml during the
subsequent 2 weeks before subjecting the transformants to
analyses.

Assay for Metronidazole Sensitivity of E. histolytica
Trophozoites—To determine sensitivity to metronidazole,
E. histolytica transfectants harboring pKT-MR-NO1, pKT-
MR-NO2, or pKT-MR (control) were cultured at 37 °C in
BI-S-33 medium containing 20 ug/ml Geneticin. For the
assay, varying concentrations (0-16 uM) of metronidazole
were added to samples containing an initial density of 10*
cells/ml. After 48 h, the number of viable cells was counted
on a hemocytometer using trypan blue to identify dead cells.
The assays were performed five times in duplicate.

In Vitro Interaction of EhNO1/2 with Ferredoxin—Protein
cross-linking was performed as described previously (36).
Briefly, EhNO1/2 and ferredoxin (4 and 20 uMm, respectively)
were cross-linked by treatment with 5 mm N-ethyl-3-(3-di-
methylaminopropyl)carbodiimide in 25 mm sodium phosphate,
pH 7.5. The resulting complexes were analyzed by SDS-PAGE
and Western blotting using anti-His antibody.

Immunoblot Analysis—Cell lysates and culture supernatants
were separated on 12% (w/v) SDS-PAGE gels and subsequently
electro-transferred onto nitrocellulose membranes (Hybond-C
Extra; Amersham Biosciences) as previously described (37).
Nonspecific binding was blocked by incubating the membranes
for 1.5 h at room temperature in 5% nonfat dried milk in TBST
(50 mm Tris-HCI (pH 8.0), 150 mm NaCl, and 0.05% Tween 20).
The blots were then reacted with primary antibodies specific
for EENO1 and EhNO2 and mannose 6-phosphate receptor 1
(38) and cysteine synthase 1 (22) as controls for the membrane
and cytosolic fractions, respectively, at dilutions of 1:500 to
1:100. Antisera against purified rTERNO1 and rEhNO2 were
raised in rabbits commercially (Operon, Tokyo, Japan). The
membranes were washed with TBST and further reacted with
horseradish peroxidase-conjugated anti-rabbit or anti-mouse
IgG antisera (1:20,000) (Invitrogen) at room temperature for
1.5 h. After further washing with TBST, specific proteins were
visualized and measured with a chemiluminescence detection
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system (Millipore) using Scion Image software (Scion Corp.,
Frederick, MD) (39).

RESULTS

Identification of a GOGAT Small B Subunit Gene in E. histo-
lytica upon 1-Cysteine Supplementation—Upon analysis of the
transcriptome of E. histolytica trophozoites cultured in
medium supplemented with L-cysteine, a highly up-regulated
gene (XM_648481) was previously identified.* Although the
entire transcriptome data is described elsewhere, we attempted
to characterize this gene in detail in the present study. The
identified gene and a gene (XM_651905) that appeared to be
very closely related in the E. histolytica genome data base (40)
were predicted to encode proteins showing high similarity to
the small 8 subunit of GOGAT from bacteria. The genes were
designated as E. histolytica NADPH-dependent oxidoreductase
1 and 2 [EANOI (XM_651905) and ERNO2 (XM_648481)]
because although the encoded proteins lacked glutamate synthase
activity, they showed robust NADPH-dependent oxidoreductase
activity (described below). The ERNO1 and EhNO2 genes con-
sisted of 1347- and 1338-bp open reading frames, respectively,
which were predicted to encode proteins of 448 and 445 amino
acids with predicted molecular masses of 49.3 and 49.0 kDa and
isoelectric points of 6.31 and 7.02, respectively.

Features of the Deduced Protein Sequence of EENOs—The
predicted amino acid sequences of the two EhNOs shared 80%
mutual identity and demonstrated 20—60% identities to the
small B subunit of GOGAT from Archaea, bacteria, animals,
and plants. ERNO1 had the highest amino acid identities to the
GOGAT B subunit-like proteins of Chlorobium tepidum (green
sulfur bacteria) and Methanosarcina mazei (Archaea) (62 and
59%, respectively), whereas EhNO2 showed 61— 62% identities
to the small subunit of Pyrococcus abyssi GOGAT and the 8
subunit chain of formate dehydrogenase from Moorella ther-
moacetica (Archaea). Although a multiple alignment of 32
GOGAT and GOGAT-like sequences was generated using
ClustalW, the comparisons of representative sequences from
E. coli, Clostridium saccharobutylicum, Azospirillum brasilense,
and E. histolytica were sufficient to highlight the important
similarities and differences among GOGAT proteins from
these organisms and between the two EhNO isotypes
(supplemental Fig. S1).

All of the functional domains characteristic of GOGAT 8
subunits were conserved between these 3 subunit-like proteins
(supplemental Fig. S1). Two amino-terminal cysteine clusters,
CX,CX,CX;CP (residues 40-53 for EhNO1 and residues
41-54 for EhNO2) and CX;CX;CX;C (residues 87-99, EhNO1;
88-100, EhNO2), matched the conserved cysteine-rich pat-
terns proposed to be involved in the formation of [4Fe-4S] clus-
ters (2). Similarly, two regions (residues 137-165 and 264 —293
of EhNO1, labeled “FAD-I” and “NAD(P)H”, respectively)
matched the conserved sequences of an ADP binding fold for
the binding of FAD and NAD(P)H. Both EhNO1 and -2 shared
features in the NAD(P)H binding domain with the A. brasilense
GOGAT B-protein (41), which has been proposed to confer

4 A. Husain, D. Sato, G. Jeelani, M. Suematsu, T. Soga, and T. Nozaki, unpub-
lished information.
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FIGURE 1. Regulation of gene expression of EhNO isotypes in E. histo-
Iytica by extracellular L-cysteine concentration. E. histolytica trophozoites
were cultured in normal (8 mwm), L-cysteine-supplemented (18 mm), or de-
prived medium. The expression levels of the EhNO transcripts under L-cys-
teine-supplemented or -deprived conditions were normalized against those
of RNA polymerase Il and are shown as the -fold change expression of mRNA
relative to that of trophozoites from the control (normal) culture. Error bars
represent the S.E. of three independent experiments.

specificity for NADPH, rather than NADH. The presence of
alanine in place of glycine in the last residue of the motif
GXGXX(G/A/P) (residues 269 —274 of EhNO1 and 270 -275 of
EhNO?2, shown in bold in supplemental Fig. S1) and a con-
served arginine in the NAD(P)H binding domain (Arg-293 of
EhNO1 and Arg-294 of EhNO2) (42) suggested that the two
EhNOs prefer NADPH to NADH as a cofactor. Furthermore, a
region in the carboxyl terminus (residues 401-411 of EhNO1
and 402-412 of EhNO2) matched the second FAD binding
consensus sequence (TX GD).

Phylogenetic Analysis—Phylogenetic reconstruction was
performed using neighbor-joining and maximum parsimony
programs using 32 GOGAT f3 subunit or 3 subunit-like protein
sequences from various organisms. The phylogenetic tree con-
structed using the neighbor-joining method revealed (supple-
mental Fig. S2) that EhNOs are more closely related to other 3
subunit-like homologs (supplemental Fig. S2, Group I) than to
known GOGAT f subunit proteins (supplemental Fig. S2,
Group II). This conclusion was also supported by the phyloge-
netic reconstruction using the maximum parsimony method
(data not shown). Although these data did not clearly indicate
the origin of the amebic GOGAT-like proteins, they suggested
that EhNOs were most likely obtained by lateral gene transfer
from an ancestral organism possessing a Group I-type gene, as
reported previously for several other glutamate synthase 3 sub-
unit-like genes (43).

Regulation of Gene Expression of EnNO Isotypes by L-Cysteine
Concentration—To verify the transcriptomic data and confirm
that the expression of EhNO1 and -2 was regulated by L-cys-
teine, the relative steady-state mRNA levels of the EhNO iso-
types in E. histolytica trophozoites cultivated under L-cysteine-
enriched or deprived conditions were measured by quantitative
real-time PCR (Fig. 1). Using the RNA polymerase II 15-kDa
subunit as an internal control, EENO2 mRNA increased by
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FIGURE 2. Effects of extracellular L-cysteine concentrations on the
amount of EhNO isotypes and intracellular L-cystine/L-cysteine concen-
trations. A, an immunoblot analysis of ENNO1 and -2 is shown. After tropho-
zoites were cultured under normal or L-cysteine-supplemented conditions
for 48 h, ~15 pg of total cell lysate was electrophoresed on a 12% SDS-PAGE
gel and subjected to an immunoblot assay with antibodies raised against
EhNOT1, EhNO2, or EhMPRT1 as a control. The densitometric quantification of
the reacted bands, shown in the right graph, was performed by Scion Image
software, and the level of EhNO1, EnNO2, and EhMPR1 proteins was
expressed in arbitrary units. Error bars represent the S.E. of three independent
experiments. B, shown is intracellular L-cystine/cysteine concentrations
under normal, L-cysteine-supplemented, and deprived conditions. L-Cystine/
cysteine concentrations of the trophozoites cultivated for 48 h under the
indicated conditions were analyzed by CE-MS. Error bars represent the S.E. of
three independent experiments.

7-fold when cultured in the presence of 18 mm L-cysteine for
48 h compared with the control condition (8 mm L-cysteine),
whereas it was down-regulated by 4-fold when cultured in the
absence of L-cysteine. In contrast, the level of EENO1 remained
unchanged in either the presence or absence of L-cysteine.

Expression of EENO Proteins under L-Cysteine-supplemented
and -deprived Conditions—To confirm the changes of EANO
transcripts determined by the transcriptomic and real-time
PCR analyses, we also examined EhNO expression at the pro-
tein level under L-cysteine-supplemented conditions. Immuno-
blot analysis using anti-rEhNO2 antibody showed that ERNO2
was induced by 6-fold when E. histolytica cultures were supple-
mented with L-cysteine (Fig. 24). Although the RT-PCR results
indicated that ERNO1 was not up-regulated under this condi-
tion, the protein recognized by anti-EhNO1 antibody was also
found to be induced by 3.5-fold. Because anti-EhNO1 and anti-
EhNO?2 antibodies exhibited cross-reactivity (data not shown),
the increased signal of the band recognized by anti-EhNO1
antibody was likely due to cross-reactivity with EDNO2. Alter-
natively, the level of ENNO1 may have increased by post-tran-
scriptional mechanisms.

Changes in Intracellular L-Cysteine/Cystine Concentrations
under 1-Cysteine-supplemented and -deprived Conditions—To
examine changes in intracellular L-cysteine and L-cystine con-
centrations caused by L-cysteine supplementation and depriva-
tion, we quantitated their levels using a CE-MS-based approach
in trophozoites maintained under normal (8 mm L-cysteine),
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FIGURE 3. Absorption spectra of EhNO1 and rEhNO2 proteins. UV-visible
absorption spectra of ERNO1 (400 g of protein) and rEhNO2 (200 g) under
non-reducing (solid lines) and sodium dithionite-reducing conditions (broken
lines) are shown. The samples were reduced with a 10-fold molar excess of
sodium dithionite.

enriched (18 mm L-cysteine), or deprived conditions. Under
normal conditions, the L-cysteine to L-cystine ratio (1.70 =
0.08) was deviated toward the reduced status. Upon L-cysteine
supplementation, the intracellular levels of L-cysteine and
L-cystine increased 8.1- and 7.3-fold, respectively, whereas
under L-cysteine deprivation, both L-cysteine and L-cystine
decreased to undetectable levels (Fig. 2B). Under L-cysteine-
enriched conditions, the L-cysteine to L-cystine ratio (1.90 =
0.14) slightly shifted toward the more reduced status (p =
0.031). Because several systems regulate the cellular redox reac-
tions and electrochemical potential of the cell, the observed
changes in the L-cysteine/cystine ratio were considered small.
Taken together, these data clearly showed that although the
extracellular L-cysteine concentration largely affects intracellu-
lar L-cysteine/L-cystine levels, its redox equilibrium is not
severely affected. Furthermore, it appeared that a significant
proportion of the L-cysteine incorporated into the cell was oxi-
dized to L-cystine, which is supported by a previous finding (44).
Alternatively, extracellular L-cysteine may be oxidized before
uptake and reduced to L-cysteine intracellularly.

Expression and Purification of Recombinant EhNO Isotypes—
To determine the biochemical properties of the two EhNO
isoenzymes, recombinant proteins were first produced in
E. coli. SDS-PAGE of the purified rEhNO1 and -2 proteins
showed apparently single homogenous bands with molecular
weights of 52.2 and 51.9 kDa, respectively, under reducing con-
ditions (supplemental Fig. S3). The observed mobilities of
rEhNO1 and -2 were consistent with the predicted sizes of the
monomeric EhNO proteins with an extra 3.0-kDa histidine tag
added at the amino terminus. The purity of the rEhNOs was
estimated to be greater than 95% as judged by densitometric
scanning of the stained gel. The rEhNO proteins were stable
and retained their full activity for at least 3 months when stored
in 10-15% glycerol at -30 or —80 °C.

Prosthetic Groups of rEhNOs—The UV-visible spectra of the
purified rERNOs showed absorbance maxima at 484, 450, 430,
378, and 280 nm (Fig. 3), which are characteristic of iron sulfur
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flavoproteins (45). The dithionite-reduced rEnNOs showed, in
contrast, a relatively featureless spectrum, with the increased
absorbance at shorter wavelengths attributable to dithionite.
Denaturation of the rEhNOs by boiling resulted in the release of
flavin, indicating that it formed a non-covalent association with
the protein. The fluorescence intensity of the free flavin at pH
2.6 was ~4-fold higher than that at pH 7.7 (data not shown).
This indicates that FAD, rather than FMN, formed the pros-
thetic group in rEhNOs. It was calculated that 1.13 * 0.32 mol
of FAD (e of FAD at 450 nm = 11.4 X 10> M~ ! cm™?) is asso-
ciated per molecule of rEhNO1, whereas 0.89 £ 0.21 mol of
FAD bound per molecule of rEhNO2. The iron analysis using
the O-phenanthroline method indicated that rEhNO1 con-
tained 7.8 *= 0.62 irons per molecule of rEhNO1, whereas
rEhNO2 contained 7.4 * 0.71 irons per molecule of rEnNO2.
These results indicate that two [4Fe-4S] clusters are present per
subunit, which is consistent with the CX,CX,CX,CP and
CX,CX,CX;C motifs present in EhNO1 and -2. These data
together with the stability of the enzymatic activity of rERNOs
also support the premise that rEnNOs retain most, if not all, of
the features of the native EhNOs.

Kinetics Properties of rEENO—The rEhNOs were devoid of
glutamate synthase and glutamate dehydogenase activity in
both directions at either pH 7.5 or 9.5. However, both proteins
oxidized NADPH and transferred electrons to several alterna-
tive electron acceptors, including INT, ferricyanide, and men-
adione (Table 1). In the presence of NADPH, the reduction rate
of INT by rEhNO1 (specific activity 19.42 = 3.25 wmol min !
mg ') was >30-fold higher than that by rEhNO2 (0.62 = 0.10
pmol min~' mg™'), whereas rERNO2 showed a 2.8-fold higher
ferricyanide reducing activity (86.64 = 8.33 wmol min~ ' mg ')
than rERANO1 (31.50 = 6.21 wmol min~"' mg™'). The menadi-
one-reducing activities of rEhNO1 and -2 were comparable
(2.48 £ 0.39 and 2.25 * 0.41 wmol min~ ' mg ™', respectively).
Both rEhNO1 and -2 were highly specific toward NADPH and

TABLE 1
Specific activity of purified ENNO1 and EhNO2 with various electron
acceptors

Values are expressed as the means * S.D. of three independent experiments as
described under “Experimental Procedures”

Specific activity
Substrate
rEhNO1 rEhNO2
wmol/min/mg
INT 19.42 = 3.25 0.62 = 0.10
Ferricyanide 31.50 * 6.21 86.64 + 8.33
Menadione 2.48 + 0.39 2.25 = 0.41
Metronidazole 1.75 = 0.42 1.41 = 0.46
Paraquat 19.73 £ 4.23 10.60 * 2.12
Oxygen 8.31 = 2.12 342 +0.81
TABLE 2

did not reduce the above-tested electron acceptors with NADH
as the electron donor. In the NADPH:flavin oxidoreductase
reaction under aerobic conditions, rEhNO1 and -2 produced
H,O, at comparable levels (Table 1). Significantly, the two
enzymes were also capable of reducing the anti-amebic drug
metronidazole and the herbicide paraquat.

In addition to these properties, rERNOI1 and -2 could cata-
lyze the reduction of disulfides, such as L-cystine, which was
also dependent on NADPH. The K, and k_,/K,, values of
rEhNO1 and -2 for r-cystine and NADPH were significantly
different (Table 2). At substrate-saturating concentrations, the
K, values of rEhNOL1 for L-cystine and L-NADPH were 3.3- and
2.3-fold higher, respectively, than those of rEhNO2. The
k../K,,, value of rERNO2 for L-cystine (measured at saturating
concentrations of NADPH) was ~4-fold higher than that of
rEhNOI1. The addition of N-ethylmaleimide, which is com-
monly used to inhibit sulfydryl-dependent reactions, inhibited
the disulfide reducing activities of both rEhNO1 and rEhNO2
(0.5 mm N-ethylmaleimide caused 50% inhibition), whereas the
presence of up to 5 mm N-ethylmaleimide had no effect on the
reduction of INT. These results indicate that the two EhNOs
contain thiol(s) groups that are involved in disulfide reduction
but are not required for their observed oxidoreductase activity
(46, 47).

We also found that TERNO1 and -2 catalyzed the reduction of
ferric to ferrous ion. In the presence of NADPH, the reduction
rate of Fe(IlI) by rERNOL1 (k_,/K,, 15.1 = 3.20 min~ ' pm 1)
was ~116-fold higher than that by rEnNO2 (k,;,/K,, 0.12 *
0.01 min~* wm™ 1) (Table 2). In addition, both rEhNOs also
acted as ferredoxin:NADP™ reductases capable of catalyzing
the reduction of NADP* to NADPH through the utilization of
the electrons provided by reduced ferredoxin, although the
observed activity of ERNO1 was again higher (7.8-fold) than
that of ERNO2. These data suggest that EhNO1 is mainly
involved in the reduction of ferric ion and ferrodoxin:NADP™,
whereas EhNO2 primarily catalyzes the reduction of L-cystine.
The uncatalyzed reaction rate (without enzyme) of each reac-
tion was as follows: 22.5 * 2.4 pmol/min, INT; 250 = 32 pmol/
min, ferricyanide; 29.2 = 6.1 pmol/min, menadione; 307 * 66
pmol/min, paraquat; 22.5 = 7.8 pmol/min, cystine; 28.9 * 6.9
pmol/min, ferric ammonium citrate; 6.16 * 2.7 pmol/min,
ferredoxin.

Binary Complexes of EENO1/2 with Ferredoxins—To exam-
ine whether electron transfer between reduced ferredoxin and
NADP™ by EhNO1 was dependent on the physical interaction
between these two proteins (48), as reported for the spinach leaf
redox couple (36), we investigated whether EhNO1 and -2

Kinetic parameters for cystine, ferric, and ferredoxin NADP* reductase reactions catalyzed by ENNO1 and ERNO2
Values are expressed as the means = S.D. of three independent experiments.

rEhNO1 rEhNO2
Substrate

K, Vinax Keat koK, K, Vinax Keae keal K,

M wmol/min/mg min~t min~Lopm ! M wmol/min/mg min~t min~toum 1
Cystine 910 * 20 0.88 = 0.06 45.86 = 7.52 0.05 = 0.01 276 = 23 1.15 +0.17 59.36 = 3.81 0.22 £0.13
NADPH (cystine) 92*21 1.70 = 0.13 88.38 = 5.83 9.61 £ 1.34 42 *0.8 1.33 = 0.43 68.62 = 5.40 16.33 = 2.12
Fe(III) citrate 313 £34 9.10 £ 2,51 471.2 £17.5 15.1 = 3.20 98.4 * 4.5 0.26 = 0.09 12.18 £ 2.81 0.12 £ 0.01
NADPH (ferric) 70.3 £ 4.9 10.12 = 3.16 526.6 = 21.2 7.49 £ 2.12 66.7 = 8.3 0.72 £0.31 37.06 = 6.28 0.56 £ 0.23
Ferredoxin 0.16 = 0.05 2.28 £ 0.46 1188 = 7.4 742.5 + 34.1 0.23 £ 0.07 0.43 £0.18 21.71 = 4,51 94.39 = 8.91
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FIGURE 4. In vitro interactions of EhLNO with ferredoxin. A, SDS-PAGE anal-
ysis of the complex of EANO and ferredoxin is shown. Protein mixtures were
incubated for 30 min with (even lane numbers) and without (odd lane numbers)
5 mm carbodiimide, electrophoresed on a 15% SDS-PAGE gel under reducing
conditions, and then stained with Coomassie Brilliant Blue R250. The exam-
ined protein mixtures were as follows: lanes 1 and 2, spinach (S. oleracea)
ferredoxin:NADP* reductase (SOFNR) + spinach ferredoxin (SoFd); lanes 3 and
4, EhNO1+SoFd; lanes 5 and 6, EhANO2+ SofFd; lanes 7 and 8, ERNO1+EhFdT;
lanes 9 and 10, EANO2+EhFd1. Protein bands corresponding to the cross-
linked proteins are indicated by an asterisk. The positions of the purified pro-
teins are indicated on the right side of the gel. B, shown is an immunoblot
analysis of the cross-linked samples using an anti-His antibody.

physically interacted with homologous and heterologous (Spi-
nacia oleracea) ferredoxin (SoFd) using a carbodiimide-pro-
moted cross-linking (50). We first cloned and purified a repre-
sentative [3Fe4S] ferredoxin found in the E. histolytica genome
data base (EhFd1l; TIGR ID 128.m00136). For the assay,
rEhNO1 and -2 were mixed with either purified EhFd1 or SoFd,
cross-linked, and then analyzed by SDS-PAGE (Fig. 44). It was
observed that both rEhNOI1 and -2 formed a complex with
spinach ferredoxin, as shown by the appearance of a large
60-kDa band in the gel and more easily observed in the Western
blot analysis using an anti-histidine antibody (Fig. 4B, lanes 4
and 6). However, only EhNO1 formed a complex with E. histo-
lytica ferredoxin (EhFd1) (Fig. 4, A and B, lanes 8 and 10).

Cellular Distribution of EENO—We also examined the cellu-
lar distribution of EhNO1 and -2 in trophozoites. The immu-
nofluorescence imaging using antiserum raised against the cor-
responding recombinant protein revealed that the two isotypes
were distributed throughout the cytosol (data not shown). We
also verified the localization of EhNOs by immunoblotting
using lysates produced by a Dounce glass homogenizer fol-
lowed by sonication and centrifugation at 100,000 X g at 4 °C
for 1 h. Both EhNO1 and -2 fractionated into the soluble frac-
tion (data not shown).

Increased Metronidazole Sensitivity by EKNO Overexpression—
To confirm that EhNO is the target of metronidazole in E. /is-
tolytica, stable transformants that overexpressed Myc-tagged
EhNOL1 or 2 were generated. Both the transformants expressing
Myc-tagged ERNO1 or ERNO2 expressed ~2-fold higher levels
of the corresponding enzymes than the control (Fig. 54) and
were more sensitive to metronidazole. The 50% growth inhibi-
tory concentrations (IC,) of metronidazole for the Myc-
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FIGURE 5. Changes in the sensitivity of E. histolytica to metronidazole by
overexpression of EhNOs. A, shown is an immunoblot analysis of ERNOs in
the transformants expressing Myc-tagged EANO1 and -2. Approximately 40
ng of total lysate from the pKT-MR (control), EhNO1 (pKT-MR-NOT), and
EhNO2 (pKT-MR-NO2)-overexpressing transformants was electrophoresed on
a SDS-PAGE gel under reducing conditions and subjected to immunoblot
analysis using anti-EhNOT1, anti-EhNO2, anti-Myc, and anti-EhCS1 (control)
antibodies. Black and white arrows indicate endogenous and Myc-tagged
EhNO1 and -2, respectively. B, susceptibility of transformed trophozoites to
metronidazole is shown. Trophozoites (10* cells/ml) were cultivated in the
presence of 0-16 um metronidazole for 48 h, and the number of viable cells
was then counted. The percentages of living cells are shown relative to those
of unexposed control cells. Error bars represent the S.E. of five independent
experiments.

EhNO1- and Myc-EhNO2-overexpressing transformants were
1.03 = 0.05 and 1.42 * 0.12 um, respectively (Fig. 5B), whereas
the control showed an IC;, of 2.24 * 0.33 pm.

DISCUSSION

In the present study we demonstrated novel enzymatic reac-
tions catalyzed by a new class of FAD- and 2[4Fe-4S]-contain-
ing NADPH-dependent oxidoreductases from E. histolytica,
which had been initially discovered by virtue of tightly regu-
lated gene expression in correlation with L-cysteine concentra-
tions. Although the two EhNOs characterized in this study had
been annotated before this study based on their high degree of
homology with GOGAT (B subunit and 3 subunit-like genes
from a variety of organisms, their biochemical function was
unknown. The fact that the two EnNOs shared significant sim-
ilarity with homologs from archaeal organisms raised the ques-
tion of whether they represented a prototype GOGAT protein,
similar to the B subunit protein from Pyrococcus, which was
reported to possess NADPH-dependent GOGAT activity and
be capable of both glutamine and ammonia-dependent synthe-
sis in the absence of the « subunit (7). However, we were unable
to observe glutamate synthase activity of the EhNOs under sim-
ilar conditions used for the Pyrococcus glutamate synthase. Fur-
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FIGURE 6. Proposed in vivo reactions catalyzed by EhNO1 and -2. PFOR, pyruvate:ferredoxin oxidoreduc-
tase; Fd-red and Fd-oxi, reduced and oxidized form of ferredoxin; Prx, peroxiredoxin; Rbr, rubrerythrin; RNO,/

RNO,’, metronidazole/reduced metronidazole.

thermore, the expression of the GOGAT f subunit failed to
restore glutamate auxotrophy in an E. coli GOGAT « subunit-
deficient strain (5, 51). In addition, it was somewhat puzzling
how the Pyrococcus GOGAT B subunit functioned in substrate
binding and catalysis without the « subunit, which has been
shown to be responsible for substrate recognition (52). Thus, it
was thought that the EhNO S subunit-like proteins may be
involved in reactions other than glutamate synthesis.

The physiological roles of EEINO1 and EnNO2 have not been
unequivocally demonstrated because our attempt to repress
EhNO expression by gene silencing (53) failed (data not
shown), and gene knock-out has not been accomplished in
E. histolytica. Nevertheless, our present enzymological charac-
terization revealed the physiological significance of the pres-
ence of the two isotypes of ERNOs. EhNO2 appears to play an
important role in the reduction of cystine to L-cysteine. Because
L-cysteine is partially present in the oxidized form inside cells
(CE-MS analysis, Fig. 2B), L-cystine reduction is necessary
before the utilization of L-cysteine, which has been implicated
in the attachment to matrix, elongation, motility, growth, and
anti-oxidative defense (35, 54, 55). Transcriptomic analysis
demonstrated that the transcription of EhNO2, but not
EhNOJI, is tightly regulated by extracellular L-cysteine concen-
trations. Furthermore, the measured kinetic parameters indi-
cate that EhNO2 possesses 4-fold higher L-cystine reduction
efficiency than EhNO1.

The acquisition of iron and subsequent assimilation into cel-
lular proteins are ubiquitously essential for life. However, at
physiological pH under aerobic conditions, iron is present as
Fe*" hydroxides and oxyhydroxides or in a complex with ferric-
specific chelators, e.g. siderophores (56). Subsequent reduction
of complexed Fe*" is accomplished by ferric reductases using
NAD(P)H as the electron donor (57), with the resulting Fe>"
being subsequently released and incorporated into iron-con-
taining proteins (58). We showed that rEhNO1 catalyzes the
reduction of ferric ion >100-fold more efficiently than rEnNO2
(Table 2), suggesting that EhNO1 is mainly involved in ferric
reduction. We also confirmed that ERNO1 functions as a ferre-
doxin:NADP* reductase, similar to the recently reported ferric
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reductase  from  Pseudomonas
putida (59), by catalyzing reversible
electron transfer between one mol-
ecule of NADP*/NADPH and two
molecules of ferredoxin. In vitro
cross-linking of the two EhNOs
with ferredoxin indicate that only
EhNO1 forms a stable complex with
E. histolytica ferredoxin (EhFd1),
whereas both EhNO1 and EhNO2
physically interact with spinach
ferredoxin (Fig. 4B), indicating that
the specificity toward ferredoxin
differs between these two proteins.
The E. histolytica genome encodes
four types of ferredoxins which are
highly divergent at the primary
sequence level and also in the Fe-S
clusters. We, therefore, hypothesize
that EhNO2 interacts with a ferredoxin(s) other than EhFd1 in
E. histolytica, a speculation that is supported by the observed
differential binding of photosynthetic and non-photosynthetic
maize ferredoxins to root Zea mays ferredoxin:NADP™ reduc-
tase (60).

E. histolytica is anaerobic/microaerophilic and possesses
highly degenerated mitochondria that are incapable of oxida-
tive phosphorylation and ATP generation. A crucial step in
energy production via glycolysis and fermentation in E. histo-
lytica involves the decarboxylation of pyruvate to acetyl CoA
that is catalyzed by pyruvate:ferredoxin oxidoreductase (61).
Concomitant with the decarboxylation of pyruvate, an electron
is transferred to oxidized ferredoxin. Generally, reduced ferre-
doxin subsequently donates an electron to NAD(P) by the
action of ferredoxin:NADP reductase, which serves to regener-
ate the intracellular pools of NAD(P)H and oxidized ferredoxin.
However, as the Entamoeba genome does not contain an ferre-
doxin:NADP reductase homolog, it was unclear how NAD(P)H
was regenerated. Our enzymological study indicates that
EhNOs, and EhNOL1 in particular, function as ferredoxin:
NADP reductases and are involved in the regeneration of
NADPH and oxidized ferredoxin required for continuous
energy production.

As stated above, E. histolytica possesses highly divergent
mitochondria (62) and lacks a functional tricarboxylic acid
cycle, cytochromes, and a conventional respiratory electron
transport chain terminating in the reduction of oxygen to
water. However, amebae can still tolerate up to 5% of oxygen in
the gas phase (63, 64) and consume oxygen (65). As shown here,
EhNOs are flavoproteins containing 1 mol of FAD as a pros-
thetic group per mol of enzyme. During the NADPH:flavin oxi-
doreductase reaction, NADPH binds to EnNOs, and two elec-
trons are transferred to FAD to yield FADH,, which is
immediately dissociated from the enzyme (66). Under aerobic
conditions, FADH, is rapidly oxidized by molecular oxygen to
yield H,O, and FAD (67). As E. histolytica amebae do not pro-
duce detectable amounts of H,O, (27), it is possible that H,O,
is further converted to water by peroxiredoxin (68) and
rubrerythrin (69) to overcome oxidative stress. Under anaero-

Anaerobic

Fe3* Cystine

Fe?* Cysteine
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bic conditions, ERNOL1 catalyzes ferric ion reduction, whereas
EhNOZ2 catalyzes cystine reduction. Based on the demonstrated
reactions catalyzed by the two EhNOs, we have proposed func-
tional roles for these two proteins in E. histolytica that are sum-
marized in Fig. 6.

Metronidazole is a prodrug currently used to treat a number
of microbial infections, and its activation requires intracellular
reduction to produce cytotoxic short-lived radicals and other
reactive species (70). Entamoeba electron transport proteins,
which have been reported to provide the source of electrons for
the reductive activation of metronidazole, include ferredoxin
(71), thioredoxin reductase (72), and nitroreductase (49). We
demonstrated that both ERNO1 and -2 catalyze metronidazole
reduction in vitro (Table 1), and their overexpression confers
increased sensitivity to this drug (Fig. 5B). This finding suggests
that in addition to ferredoxin (71), pyruvate:ferredoxin oxi-
doreductase (71), thioredoxin (72), and nitroreductase (49),
EhNOL1 and -2 are also involved in metronidazole activation in
E. histolytica.

In conclusion, we have demonstrated for the first time that
two novel NADPH-dependent GOGAT small subunit-like pro-
teins of E. histolytica function, at least in vitro, as cystine/ferric/
ferredoxin:NADP™ reductase. We propose that they play a role
in maintaining intracellular redox potential and may be respon-
sible for metronidazole activation in this parasite. The physio-
logical substrates and biological roles of the majority of oxi-
doreductases discovered by genome mining remain largely
unknown. Vigorous attempts to discover the substrates and
functions of individual oxidoreductases should unveil novel
cellular metabolic processes in pathogens and cancer cells that
may lead to the development of new chemotherapeutics.
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