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We report the characterization of a bacterial-type oxygen reductase abundant in the cytoplasm of the anaerobic protozoan
parasite Entamoeba histolytica. Upon host infection, E. histolytica is confronted with various oxygen tensions in the host
intestine, as well as increased reactive oxygen and nitrogen species at the site of local tissue inflammation. Resistance to
oxygen-derived stress thus plays an important role in the pathogenic potential of E. histolytica. The genome of E. histo-
lytica has four genes that encode flavodiiron proteins, which are bacterial-type oxygen or nitric oxide reductases and were
likely acquired by lateral gene transfer from prokaryotes. The EhFdp1 gene has higher expression in virulent than in non-
virulent Entamoeba strains and species, hinting that the response to oxidative stress may be one correlate of virulence po-
tential. We demonstrate that EhFdp1 is abundantly expressed in the cytoplasm of E. histolytica and that the protein levels
are markedly increased (up to �5-fold) upon oxygen exposure. Additionally, we produced fully functional recombinant
EhFdp1 and demonstrated that this enzyme is a specific and robust oxygen reductase but has poor nitric oxide reductase
activity. This observation represents a new mechanism of oxygen resistance in the anaerobic protozoan pathogen E.
histolytica.

The pathogenic protozoan Entamoeba histolytica is the causative
agent of amoebiasis and is a leading cause of death by a para-

sitic disease (29, 34). Upon host infection, E. histolytica is chal-
lenged with various oxygen tensions and reactive oxygen species
(ROS) in the colon, bloodstream, and liver (34). The susceptibility
(14, 15, 26) and transcriptional response (1, 42) of E. histolytica to
oxygen and ROS have long been addressed. It has been observed
that Entamoeba species and E. histolytica strains with higher viru-
lence are more resistant to oxygen (28) and display higher expres-
sion of genes and proteins related to the oxidative stress response
(1, 9, 24, 42). Resistance to oxygen-derived stress is thus likely an
important component of the E. histolytica virulence framework
(28). Oxygen reduction activity has been attributed to different E.
histolytica flavoproteins (6, 7, 17), although most produce hydro-
gen peroxide and thus require further detoxification enzymes. The
possible exception is one NADH oxidase, which has been pro-
posed to reduce oxygen to water (6).

Flavodiiron proteins (FDPs) constitute a widespread family of
detoxifying enzymes that act as oxygen and/or nitric oxide (NO)
reductases (19, 30, 40). However, the substrate preference of FDPs
is not understood; some FDPs have been shown to be quite selec-
tive toward oxygen, whereas others are more selective toward NO
and yet others reduce both substrates with equivalent efficiency
(reviewed in reference 38). FDP-encoding genes are found in the
genomes of prokaryotes (mostly anaerobes). The few anaerobic
protozoan pathogens that contain genes that code for FDPs are
Giardia intestinalis (a single gene) and Trichomonas vaginalis (four
homologues). These genes were most probably acquired from
prokaryotes by lateral gene transfer (3, 4). So far, the protozoan
enzymes have been shown to act as oxygen reductases (10, 25, 32).

In the E. histolytica genome (23), four genes that encode FDPs
have been identified (3). Two of the E. histolytica FDP-encoding
genes have high transcript levels under basal conditions (EhFdp1
or 6.m00467, corresponding to the identical genes EHI_096710
and EHI_152650, and EhFdp2 or 155.m00084, corresponding to

EHI_159860 [see Table S1 in the supplemental material]). These
genes show no apparent modulation of transcript levels upon expo-
sure to oxidative and nitrosative stresses (42), heat shock (44), the
histone deacetylase inhibitor trichostatin A (11, 16), or the DNA
methyltransferase inhibitor 5-azacytidine (2) or in a mouse model of
intestinal colonization and invasion (13). The gene that encodes E.
histolytica FDP1 (EhFdp1; 6.m00467) displays higher transcript levels
in E. histolytica than in the nonvirulent species E. dispar (24).

Here we show that bacterial-type EhFdp1 is remarkably abundant
in the cytoplasm of E. histolytica and that protein levels increase upon
oxygen exposure. Biochemical analyses reveal that recombinant
EhFdp1 is a robust oxygen reductase with poor NO reductase activity.
These results reveal a previously unknown strategy that the anaerobic
pathogen E. histolytica may employ to respond to the variable oxygen
tensions encountered in the host during tissue invasion.

Materials and Methods
In silico analyses of E. histolytica FDPs. Sequences of FDPs were re-
trieved from NCBI Genomic BLAST by using the sequence of Moorella
thermoacetica FDP (accession number Q9FDN7) as the search template.
The sequences were aligned with Clustal X for Windows (36). Statistics
reports were generated with Genedoc.

Cloning, expression, and purification of EhFdp1. To determine the
cellular localization of EhFdp1 in amoebae, we produced the recombinant
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protein for antibody production. The gene that encodes full-length
EhFdp1 was amplified from E. histolytica genomic DNA (with primers
5=-GCTAGCAAAGCATTGGAAGTAGTAAAAGAC and 5=-GGATCCT
TAAGCTTTAAGGGCCTCAGCAAA [where the NheI and BamHI rec-
ognition sites are underlined, respectively]), cloned into the Topo TA
pCR2.1 vector (Invitrogen), and subcloned into the NheI and BamHI sites
of bacterial expression vector pET28b�. The resulting vector (named
pET-EhFdp1) was confirmed by sequencing. The same strategy was em-
ployed to clone the control gene for E. histolytica rubrerythrin (EhRbr)
with primers 5=-GCTAGCGCAACTCTCATTAATCTTTGTAAGG and
5=-GGATCCTTAAATAGAAACTTGAACTCTGAAG.

EhFdp1 expression was accomplished in Escherichia coli BL21(DE3)Gold
cells, and protein purification was done as previously described for bacterial
FDPs (40). Briefly, pET-EhFdp1 was transformed into E. coli BL21(DE3)Gold
cells and plated onto LB plates containing kanamycin. Bacteria were grown at
30°C in minimal medium (M9) supplemented with 100 �M FeSO4 · 7H2O,
induced at an optical density at 600 nm of 0.5 with 100 �M isopropyl-�-D-
thiogalactopyranoside (IPTG), and harvested 7 h after induction (cells over-
expressing the control protein EhRbr were grown under identical condi-
tions). Cells were disrupted at 900 lb/in2 in a French press; the soluble frac-
tion was separated from the membranes by ultracentrifugation (2 h at
�100,000 � g, 4°C) and dialyzed overnight against 10 mM Tris-HCl–9%
glycerol (pH 7.5). Pure EhFdp1 was obtained in two anion-exchange chro-
matographic steps. Protein purity was assessed by SDS-PAGE.

Immunofluorescence microscopy. Antibodies were obtained by in-
jecting 1 mg of pure EhFdp1 into two rabbits over a period of 11 weeks
(Open Biosystems). Immunofluorescence assays (IFAs) were carried out
as previously described (45). Briefly, mid-log-phase E. histolytica HM-1:
IMSS trophozoites were chilled (10 min, 4°C) and transferred to chamber
slides to adhere (1 h, 37°C), rinsed with phosphate-buffered saline (PBS),
fixed and permeabilized in a mixture of acetone-methanol (50:50),
blocked (3% bovine serum albumin in PBS, 30 min), and then incubated
for 1 h with anti-EhFdp1 antibody (1:500; Open Biosystems) or preim-
mune serum as a control. Parasites were rinsed with PBS-Tween and
incubated with Alexa 488-conjugated anti-rabbit antibody (1:1,000; Mo-
lecular Probes). To probe for membrane localization, trophozoites were
coincubated with antibody for the membrane protein Gal/GalNAc lectin
(anti-HgL antibody at 1:50; kind gift of W. A. Petri, Jr.) and Alexa 594-
conjugated anti-mouse antibody (1:500; Molecular Probes) as described
in reference 5. To assess the effect of oxygen exposure on EhFdp1 local-
ization, mid-log-phase E. histolytica HM-1:IMSS trophozoites were
seeded into 2-ml chamber slides and left to adhere to the slides for 1 h at
37°C, after which 1.5 ml of medium was removed, leaving a large head-
space (1.5 ml); the chamber was kept unsealed to allow gas exchange. After
1 h of oxygen exposure, amoebae were fixed, permeabilized, and incu-
bated with anti-EhFdp1 and anti-HgL antibodies as described above. Im-
ages were collected with a Zeiss LSM700 confocal microscope and filtered
using Volocity software (Improvision).

Western blot analysis. We sought to confirm the effect of oxygen
exposure on EhFdp1 expression in E. histolytica HM-1:IMSS by Western
blot analysis. Mid-log-phase parasites were seeded into 8-ml culture tubes
and incubated overnight. The next morning, medium of all of the cultures
was replaced. Six milliliters of medium was removed from the oxygen-
challenged samples, and the tubes were placed horizontally. At different
time points, parasites were harvested by centrifugation for 5 min at
1,000 � g and washed once with PBS. Trophozoites were lysed in lysis
buffer (50 mM HEPES-KOH, 50 mM KCl, 5 mM MgCl2, 0.5% NP-40)
containing protease inhibitors (20 mM dithiothreitol, 18.75 �M E-64, 0.8
�g/ml leupeptin, 4� Halt* phosphatase inhibitor cocktail) (Thermo Sci-
entific), and lysates were subjected to 12.5% SDS-PAGE and blotted onto
polyvinylidene difluoride membranes. Anti-EhFdp1 antibody (1:500)
and HRP-conjugated anti-rabbit antibody (1:1,000) (Cell Signaling) were
used (1 h of incubation each), and the signal was detected with ECL� (GE
Healthcare). Primary (anti-actin, 1:1,000; MP Biomedicals) and second-

ary (HRP-conjugated anti-mouse antibody at 1:1,000; Cell Signaling) an-
tibodies were used for the actin control.

Biochemical characterization of recombinant EhFdp1. The quater-
nary structure of recombinant EhFdp1 was assessed by analytical size
exclusion chromatography (120-ml Superdex S-200 column connected to
an Åkta Prime fast protein liquid chromatography system [GE Health-
care]). The column was previously equilibrated and run at 0.5 ml/min
with 20 mM Tris-HCl buffer–18% glycerol–150 mM NaCl (pH 7.5). Dex-
tran blue (molecular mass, 1,000 kDa) was used as an internal standard.
The column was calibrated with the molecular size markers ferritin (440
kDa), aldolase (158 kDa), albumin (67 kDa), ovalbumin (43 kDa), and
RNase (13.7 kDa). The iron content of recombinant EhFdp1 was deter-
mined by the 2,4,6-tripyridyl-1,3,5-triazine (TPTZ) method (12),
whereas flavin content measurement and identification were done by an
adaptation of the method described in reference 35. Briefly, after flavin
extraction with trichloroacetic acid and centrifugation to remove the pre-
cipitated protein, the flavin solution was neutralized with ammonium
acetate and its visible spectrum was recorded, allowing flavin identifica-
tion and quantitation. Whereas flavin mononucleotide (FMN) has its
absorption maximum at 445 nm (ε � 11,300 M�1 cm�1), flavin adenine
dinucleotide absorbs maximally at 450 nm (ε � 12,500 M�1 cm�1).

Spectroscopic analysis of EhFdp1. The UV-visible spectra of purified
EhFdp1 and the NADH:oxygen oxidoreductase assay results reported be-
low were recorded with a Shimadzu UV-1603 spectrophotometer. Elec-
tron paramagnetic resonance (EPR) spectra were collected with a Bruker
EMX spectrometer equipped with an Oxford Instruments ESR-900 con-
tinuous-flow helium cryostat. Since nonheme diiron sites have EPR sig-
nals only in a mixed-valence state, we reduced the protein under anaero-
bic conditions with sodium dithionite in the presence of redox mediators
covering a wide range of redox potentials and recorded EPR spectra to
detect the signal corresponding to a mixed-valence (FeIII-FeII) diiron site
with g values below 2.0 (37).

Oxygen and NO consumption assays. Amperometric measurements
were carried out with oxygen- and NO-specific Clark-type electrodes.
Oxygen consumption was measured with a Clark-type O2 electrode
plugged into a biological oxygen monitor (model 5300; Yellow Springs).
NO consumption was measured under anaerobic conditions with a NO-
selective Clark-type electrode (ISO-NO Mark II; World Precision Instru-
ments). To maintain anaerobic conditions, the reaction chamber was
flushed with argon and filled with degassed buffer and contaminant O2

was further scavenged by glucose oxidase (17 U/ml), catalase (130 U/ml),
and glucose (2 mM). The NO electrode was calibrated by recording the
signal produced by sequential additions of aliquots of a 2 mM NO stock
solution prepared by flushing pure NO gas through a previously degassed
ultrapure water solution (with vacuum-argon cycles). The NO gas was
purified by flowing through a 1 M NaOH trap to remove higher N-oxides
and a water trap to remove aerosols prior to flushing of the degassed
ultrapure water. The O2 and NO consumption rates of E. coli lysates over-
expressing EhFdp1 and the control protein EhRbr were measured with 1
mM NADH as a source of electron equivalents. Cell lysates were obtained
by three freeze-thaw cycles, and the soluble fraction was separated by
centrifugation (15 min, 12,000 � g, 5°C). The oxygen and NO reductase
activities of pure recombinant EhFdp1 were determined by assembling an
in vitro electron transfer (ET) chain comprising E. coli NADH:flavorubre-
doxin oxidoreductase and the truncated rubredoxin domain of flavo-
rubredoxin with NADH as the primary electron source (10, 41). This ET
chain was analyzed for the ability to transfer electrons to EhFdp1 by visible
spectrophotometric assays following (i) the reduction of EhFdp1 under
anaerobic conditions and (ii) the oxidation of NADH to NAD� moni-
tored at 340 nm at the expense of oxygen reduction by EhFdp1 mediated
by the ET chain.

RESULTS AND DISCUSSION
FDPs in E. histolytica. In the E. histolytica genome (23), four genes
that encode FDPs have been identified (3). These have 53 to 66%
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amino acid sequence identity and 72 to 81% similarity among
themselves (see Fig. S1 in the supplemental material). Amoebic
FDPs have relatively poor sequence similarity to the single FDP-
encoding gene from G. intestinalis (23 to 25% identity, 42 to 44%
similarity) and to the four homologues from T. vaginalis (22 to
39% identity, 42 to 58% similarity). This suggests that although
protozoan FDPs were all proposed to have been acquired by lateral
gene transfer from prokaryotes (3, 4), they are likely to have orig-
inated from phylogenetically distant prokaryotic sources. Amoe-
bic FDPs display similar levels of sequence identity and similarity
to FDPs from selected prokaryotes that have been previously char-
acterized (23 to 37% identity, 42 to 57% similarity). This sequence
alignment clearly shows that the amoebic FDP sequences have the
two structural domains that constitute the structural prototype of
this protein family: a C-terminal flavodoxin-like domain contain-
ing an FMN and an N-terminal �-lactamase-like domain harbor-
ing a diiron site (39). A structural feature common to the FDPs
studied to date is that the minimal functional quaternary arrange-
ment consists of a head-to-tail homodimer that places the flavin
from one monomer in close contact with the diiron active site
from the opposing monomer (39). Moreover, the amoebic se-
quences also contain the strictly conserved ligands for the diiron
active site, as well as the residues that compose the flavin binding
site (38).

EhFdp1 is abundant in the cytoplasm of anaerobically grown
amoebae and increases in abundance upon oxygen exposure.
Upon host invasion, amoebae are faced with oxygen that rapidly
diffuses across their membranes, implying that its potentially
toxic effects should be exerted in all cellular compartments. To
assess the cellular localization of E. histolytica FDP EhFdp1, we
expressed and purified recombinant protein and raised antibod-
ies. Preimmune serum gave no detectable signal in IFAs (data not
shown), and we observed that EhFdp1 localizes to the cytoplasm
of anaerobically grown amoebae (Fig. 1A), with no overlap with
the signal from the membrane protein Gal/GalNAc lectin heavy
chain (anti-HgL antibody used as described in reference 5). These
results are in concordance with data from FDPs in other systems,
which are almost exclusively cytoplasmic. In the cyanobacterium
Synechocystis sp. strain PCC 6803, the FDP is proposed to be mem-
brane bound (40, 46) and one of the four T. vaginalis FDPs is
localized in the hydrogenosome (32).

Taking into account the possible involvement of EhFdp1 in
oxygen detoxification, we tested the effect of oxygen exposure on
protein localization (Fig. 1A). Oxygen exposure was achieved by
seeding amoebae into IFA chamber slides and leaving a large head-
space (1.5 ml gas from a 2-ml chamber) and leaving the chamber
unsealed to allow gas exchange. After 1 h of oxygen exposure, the
EhFdp1 localization in oxygen-exposed trophozoites was the
same as that in those that did not receive oxygen stress. However,
we noted a significant increase in signal intensity in amoebae ex-
posed to oxygen with respect to that in unchallenged ones.

This increased EhFdp1 signal intensity pointed to a modula-
tion of EhFdp1 protein levels upon oxygen exposure, which we
further quantitated by Western blot analysis. To this end, amoe-
bae were grown in 8-ml tubes from which 6 ml of medium was
removed and which were placed horizontally. EhFdp1 protein lev-
els at different oxygen exposure times were determined by West-
ern blot analysis with antibody to EhFdp1. The protein band de-
tected in the Western blot assays corresponds to monomeric
EhFdp1 (47 kDa). Notably, we confirmed that there was a clear

increase in EhFdp1 expression with oxygen exposure (Fig. 1B),
i.e., �2-fold after 1 h (n � 5; P � 7.0 � 10�3) and up to �5-fold
after 4 h (n � 5; P � 0.029). A representative Western blot assay
showing increasing EhFDP1 protein levels with oxygen stress is
shown in Fig. 1C. The abundance of EhFdp1 under basal condi-
tions is consistent with the high transcriptional levels observed.
However, there were no significant changes in EhFdp1 transcript
abundance under a variety of conditions, including response to
NO-derived stress (1, 2, 11, 13, 42). FDPs have been shown to be
highly and constitutively expressed both in prokaryotes (in some
cases incorporating an oxidative stress response operon [8, 18])
and in protozoa (10, 25, 32). However, an increase in expression
upon oxygen exposure has been observed for only one other FDP,
that from the hyperthermophilic bacterium Thermotoga maritima,
which shows an increase in protein levels with unmatched transcrip-
tional levels and is proposed to sustain the growth of this “strict”
anaerobe under microaerophilic conditions (20–22). The cytoplas-
mic abundance and increased protein levels in response to oxygen
exposure suggest a potential similar function for EhFdp1 in E. histo-
lytica.

Biochemical and spectroscopic properties of recombinant
EhFdp1. To further understand the functional properties of
EhFdp1, we overexpressed the recombinant protein in bacterial
cells and purified it to homogeneity in two chromatographic steps
(protein purity was confirmed by SDS-PAGE) (Fig. 2A). We as-
sessed the quaternary structure of EhFdp1 by size exclusion chro-
matography (see Fig. S2 in the supplemental material). EhFdp1
migrated as a dimer, which is in line with structural data for other
FDPs (10, 27, 31, 39). Although the most common quaternary
structure is tetrameric (27, 39), the “head-to-tail” dimeric ar-
rangement constitutes the minimal functional unit in this protein
family as it places the FMN and the diiron centers from opposing
monomers in close proximity (for efficient ET).

Pure recombinant EhFdp1 has a visible spectrum (Fig. 2A)
similar to that of bacterial FDPs (40), i.e., one dominated by the
flavin moiety spectral features (peaks at 457 and 380 nm) but with
a slightly less rounded shape that could hint at subtle differences in
the flavin binding site. Flavin determination after acid extraction
(35) revealed that recombinant EhFdp1 binds 0.86 mol of flavin
per mol of EhFdp1 monomer and identified the flavin as being
FMN. The iron content determined by the TPTZ method revealed
that recombinant EhFdp1 binds 1.58 mol of Fe per mol of EhFdp1
monomer. These results are consistent with the recombinant
EhFdp1 binding one FMN molecule and harboring a nonheme
binuclear site (both with �80% occupancy). This has been ob-
served for other FDPs either isolated from their natural sources or
produced in heterologous systems (reviewed in references 38
and 40).

Since nonheme diiron centers have no detectable spectrum in
the visible range or one that is masked by the intense flavin bands
in FDPs, we used EPR spectroscopy to probe the nonheme diiron
site of EhFdp1. Nonheme diiron centers display characteristic
EPR spectra in their mixed-valence state (FeIII-FeII). Since we did
not observe any detectable spectrum in the isolated EhFdp1, we
reduced the protein under anaerobic conditions with sodium di-
thionite in the presence of redox mediators (see Table S2 in the
supplemental material) covering a wide range of redox potentials
and recorded the EPR spectra. The EPR spectrum in Fig. 2B shows
a rhombic signal with g values of �2.0 (gx, 1.95; gy, 1.77; gz, 1.73),
as observed for other FDPs (from both prokaryotes and protozoa)
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(32, 37, 43) and in general for nonheme diiron center proteins
(reviewed in reference 33). Taken together, the data show that
recombinant EhFdp1 is produced as a homodimeric protein and
is loaded with cofactors required for a fully functional FDP to be
employed in the determination of its in vitro oxygen and NO re-
ductase activities.

EhFdp1 is a robust oxygen reductase. It has been shown that
E. histolytica trophozoites display an oxygen consumption activity
that was attributed primarily to an NADH oxidase (6). However,
the E. histolytica genome has four genes that encode FDPs (23),
strongly suggesting that other potential oxygen-detoxifying en-
zymes contribute to its oxygen consumption. Despite the number

of studies on FDPs from various microbes, no rationale has been
established for their substrate preference (oxygen versus NO). To
assess the role of EhFdp1 in oxygen and/or NO detoxification by E.
histolytica, the O2 and NO reductase activities of recombinant
EhFdp1 were determined by amperometric measurements with
Clark-type electrodes specific for either O2 or NO. To this end, we
started by measuring the consumption of both substrates by bac-
terial lysates overexpressing EhFdp1 (bacteria expressing another
E. histolytica protein, EhRbr, were used as a control). With NADH
as the source of electron equivalents in the assays, the soluble
extract of EhFdp1-expressing bacteria had a considerable oxygen
reductase specific activity of 780 �M O2 min�1 mg total pro-

FIG 1 EhFdp1 localizes to the cytoplasm and protein abundance increases upon oxygen exposure. (A) Immunofluorescence microscopy analysis of EhFdp1.
Phase-contrast (differential interference contrast [DIC]) transmission images are shown. Antibodies: anti-EhFdp1 (1:500; Open Biosystems), anti-rabbit–Alexa
488 (1:1,000; Molecular Probes), anti-HgL (1:50), and anti-mouse–Alexa 594 (1:500; Molecular Probes). Images were collected with a Zeiss LSM700 confocal
microscope and filtered using Volocity software (Improvision). (B) Western blot analysis of the effect of oxygen exposure on EhFdp1 expression in E. histolytica
HM-1:IMSS. Anti-EhFdp1 antibody (1:500) and HRP-conjugated anti-rabbit antibody (1:1,000; Cell Signaling) were used (1 h of incubation each), and the signal
was detected with ECL� (GE Healthcare). Primary (anti-actin, 1:1,000; MP Biomedicals) and secondary (HRP-conjugated anti-mouse antibody at 1:1,000; Cell
Signaling) antibodies were used for the actin control. Densitometric analysis with ImageJ reveals an increase in EhFdp1 expression with increasing oxygen
exposure time from �2-fold after 1 h (n � 5; P � 7.0 � 10�3) to �5-fold after 4 h (n � 5; P �: 0.029). (C) Representative Western blot assay displaying EhFdp1
levels increasing with oxygen exposure time.
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tein�1, �5-fold higher than that of the control cells expressing
EhRbr. Neither lysate exhibited measurable NO consumption ac-
tivity under the same conditions. We thus concluded that the
5-fold higher oxygen reductase activity of bacterial lysates express-
ing EhFdp1 was attributable to oxygen consumption by EhFdp1
and that a nonspecific E. coli component must be mediating ET
from NADH to EhFdp1. Moreover, these results already suggested
a substrate preference for oxygen that was further confirmed with
purified recombinant EhFdp1.

So far, no putative redox partners for EhFdp1 have been iden-
tified in E. histolytica’s genome. Several FDPs have been shown to
accept electrons from a hybrid ET chain consisting of E. coli fla-
vorubredoxin oxidoreductase (EcRdR) and the rubredoxin do-
main (EcRd) of flavorubredoxin (the FDP from E. coli) (see Fig.
S3A in the supplemental material) (10, 41). Therefore, we used
spectrophotometric assays to analyze the ability of EcRdR and
EcRd to mediate ET from NADH to EhFdp1. When EhFdp1 was
incubated with subcatalytic amounts of EcRdR and EcRd under
anaerobic conditions, the visible spectrum of isolated oxidized
EhFdp1 (Fig. 2A) was bleached within seconds upon the addition
of NADH (data not shown). This result confirmed that the hybrid
ET chain could be used to assess the oxygen and/or NO reductase
activity of EhFdp1.

The oxygen reductase activity of EhFdp1 was initially probed
by an aerobic spectrophotometric assay monitoring NADH con-
sumption at 340 nm (Fig. 3A). In this assay, the ET chain with

EhFdp1 as the terminal oxygen reductase consumes NADH at 45
�mol NADH s�1 �mol EhFdp1�1 with “zero”-order kinetics, in-
dicating high substrate specificity. This observation was further
confirmed by amperometric measurements with an oxygen-spe-
cific Clark-type electrode. Assembling the same ET chain in the
reaction chamber, it was observed that EhFdp1 directly reduces
oxygen to water (Fig. 3B) at a considerable rate (�21 �mol O2 s�1

�mol EhFdp1�1), comparable to that of other oxygen-reducing
FDPs. Importantly, this occurs without the apparent formation of
ROS, as no effect was seen upon catalase addition. Experiments
with different concentrations of the ET partners suggested that the
activity determined is limited by electron delivery from the ET
chain to EhFdp1, which implies that the oxygen reductase activity
may be an underestimation, as it was assessed in the absence of the
amoebic true redox partner(s).

Contrary to the efficient oxygen-scavenging ability of EhFdp1,
anaerobic NO consumption assays using the same ET chain
showed that EhFdp1 has poor NO reductase activity (�0.1 �mol
NO s�1 �mol EhFdp1�1), which was �200-fold lower than the
rate of oxygen consumption (see Fig. S3C in the supplemental
material). Moreover, the NO reductase assays were performed
with a large excess of electron donors with respect to the EhFdp1

FIG 2 Production of functional recombinant EhFdp1. (A) UV-visible spec-
trum of pure recombinant EhFdp1 (15 �M in 20 mM Tris-HCl–18% glycerol
[pH 7.5]; A280/A457 ratio, 9.1). Gray line, magnified visible region (multiplied
by 7 for visualization). Inset, SDS-PAGE (12.5% acrylamide) analysis of puri-
fied EhFdp1. (B) EPR spectrum of partially reduced EhFdp1 (190 �M in 50
mM Tris-HCl–18% glycerol [pH 7.5]) showing a rhombic signal attributed to
the diiron active site in a mixed-valence (FeIII-FeII) state. Reduction was ob-
tained by sodium dithionite addition in the presence of the redox mediators
listed in Table S2 in the supplemental material. The spectrum was recorded
with a Bruker EMX spectrometer equipped with an ESR 900 continuous-flow
helium cryostat (Oxford Instruments).

FIG 3 EhFdp1 is an oxygen reductase. Oxygen consumption was assayed by
spectrophotometric (NADH consumption) and amperometric (O2 consump-
tion determined with a Clark-type oxygen electrode) measurements. Assays
were done at room temperature in 50 mM Tris-HCl–18% glycerol (pH 7.5).
Electron delivery to EhFDP1 was achieved by assembling a hybrid ET chain
composed of NADH, EcRdR, and EcRd. (A) Spectrophotometric NADH con-
sumption was assayed with a reaction mixture volume of 1 ml and sequential
addition of 160 �M NADH, 0.17 �M EcRdR, 2.65 �M EcRd, and 36 nM
EhFdp1. The decrease in A340 shows NADH oxidation at the expense of oxygen
reduction mediated by the ET chain with EhFdp1 as the terminal oxygen
reductase. (B) Oxygen consumption was assayed with a reaction mixture vol-
ume of 1.5 ml and the sequential addition of 1 mM NADH, 0.2 �M EcRdR, 2
�M EcRd, and 150 nM EhFdp1. Oxygen depletion upon the addition of sub-
stoichiometric EhFdp1 is shown; addition of catalase (Kat) yielded no produc-
tion of oxygen, suggesting that EhFdp1 reduces O2 directly to water.
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concentration (unlike the O2 assays), which suggests that the poor
NO reductase activity was not caused by a limited electron supply.

Taken together, these experiments show that EhFdp1 effi-
ciently reduces oxygen to water without generating ROS. It thus
constitutes a robust line of defense in the parasite. Moreover,
EhFdp1 displays a significant specificity for oxygen rather than
NO, similar to oxygen-reducing FDPs from other organisms, no-
tably including those from other protozoan pathogens such as G.
intestinalis and T. vaginalis (10, 32). EhFdp1 thus represents one
further line of defense against oxygen exposure that contributes to
sustained amoebic viability in microaerophilic or aerobic envi-
ronments within the host. The reasons for substrate preference in
this protein family remain elusive, since the structural and se-
quence features of FDPs with opposing substrate preferences are
essentially identical, particularly the active-site iron ligands. How-
ever, small differences in the protein environment around the
diiron site could contribute to substrate selectivity. It remains to
be determined whether the abundance of EhFdp1 could account
for a partial NO-scavenging ability, despite the sluggish in vitro
activity. Overall, EhFdp1 and its protozoan homologues are ap-
pealing targets for inhibition studies, since they have roles in im-
portant aspects of parasite biology and lack sequence or structural
homologues in the host.
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