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Peroxiredoxins are an important class of antioxidant enzymes found from Archaea to humans, which reduce and thereby detoxif
nd peroxynitrites. The major thiol-containing surface antigen of the invasive ameba,Entamoeba histolytica, is a peroxiredoxin and is like

o be important during the transition from the anaerobic environment of the large intestine to human tissues. The closely relat
ntamoeba dispar, is incapable of invasion and more sensitive to hydrogen peroxide, yet also has a peroxiredoxin. We cloned and

he two active recombinant enzymes and found that their activity was similar by a fluorometric stopped-flow assay, giving aKm of <10�M for
ydrogen peroxide. Three monoclonal antibodies produced to recombinantE. histolyticaperoxiredoxin cross-reacted withEntamoeba dispa
. histolyticacontains as much as 50 times more peroxiredoxin thanE. disparas demonstrated by a sensitive capture ELISA. In addition
eroxiredoxin is present largely on the outer surface of the cell, in contrast toE. dispar. This unusual peroxiredoxin localizes to the site
arasite–host cell contact where it can effectively counteract oxidants generated by host cells, thus facilitating invasion.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Entamoeba histolyticais a protozoan parasite, which
auses life-threatening amebic colitis and liver abscesses
n tropical and subtropical countries. It is third only to

alaria and schistosomiasis as a cause of death from
arasitic diseases[1]. E. histolytica trophozoites live in
n anaerobic or microaerobic environment in the large

ntestine where they are exposed to a low concentration
f oxidants from the metabolism of surrounding bacteria.
owever, once trophozoites invade the tissue, they must
urvive both a higher ambient oxygen environment and
xposure to reactive oxygen species generated by the

∗ Corresponding author. Tel.: +1 619 543 6146; fax: +1 619 543 6614.
E-mail address:slreed@ucsd.edu (S.L. Reed).

primary protective effector cells, including neutrophils
macrophages.

A number of strategies have been developed by prok
otic and eukaryotic organisms to protect against oxy
toxicity. These include enzymes that decompose pero
and superoxide anions, small molecule antioxidants su
Vitamins E and C, and thiols, which scavenge transient
radicals (reviewed in[2]). Three main enzymes have be
identified which may serve as antioxidants inE. histolytica:
an iron-containing superoxide dismutase (Fe-SOD) w
catalyzes the conversion of superoxide to O2 and hydroge
peroxide (H2O2) [3–4], a flavin reductase (NADPH:flav
oxidoreductase) which can also reduce O2 to H2O2 [5],
and a thiol-specific antioxidant (TSA) or peroxiredox
which has both peroxidase and antioxidant activities[6–9].
Earlier studies identified H2O2 as the primary lethal oxyge

166-6851/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molbiopara.2005.04.014

MOLBIO-9689; No. of Pages 1



2 M.-H. Choi et al. / Molecular & Biochemical Parasitology xxx (2005) xxx–xxx

derivative forEntamoeba[3,10], and a “highly virulent”
strain ofE. histolyticawas found to be less susceptible to
H2O2 than an attenuated strain, which had lost its virulence
in prolonged culture[3,10]. A more biologically relevant
comparison would be between potentially invasiveE.
histolytica and the closely related non-invasiveE. dispar.
These organisms are morphologically identical and live in
the same environmental niche, but can be differentiated by
clinical symptoms of the patient, isoenzymes[11], surface
antigens[12–14] and PCR[15–16]. E. histolyticaand E.
disparare now recognized as different species[1], and only
E. histolyticacan invade the human host.

The peroxiredoxin ofE. histolytica, a thiol-rich 29-kDa
surface antigen, has peroxidase activity and is likely to be a
key protein in protection from H2O2 generated from internal
and environmental oxidative stress[6,9]. The activity of the
other two antioxidants, FeSOD and flavin reductase, results
in the formation of H2O2, which cannot be detoxified with-
out catalase inEntamoeba. Genes encoding homologues to
theE. histolyticaperoxiredoxin have recently been cloned
fromE. dispar[17] andEntamoeba moshkovskii[18]. Some
epitope differences in the expressed proteins ofE. histolyt-
ica andE. disparmust exist as a number of monoclonal
antibodies react only with theE. histolyticaperoxiredoxin
[12–13]. The peroxiredoxin is released during invasive ame-
biasis as the majority of patients develop specific antibodies
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2.2. H2O2 killing assay

Clinical isolates ofE. histolyticaandE. dispar grown
in BRS media were harvested by completely removing the
existing media, adding 50 ml of fresh BRS, and chilling the
flasks briefly on ice. Following centrifugation at 700×g for
10 min, the cell pellet was resuspended in Dulbecco’s mod-
ified Eagle’s medium (DME; Invitrogen, San Diego, CA)
supplemented with 70 mgl-cysteine and 135 mg ascorbic
acid/100 ml (DME-CH, pH 7.4) to a final concentration of
1× 106 cells/ml. Trophozoites ofE. histolyticaandE. dis-
par isolates were incubated with 0–10 mM H2O2 at 37◦C
with gentle rocking for 1 h. At timed intervals, aliquots were
removed and cell viability was determined by trypan blue
exclusion. Statistics were determined by Student’st-test.

2.3. Antibodies

Monoclonal antibodies were produced in mice to the
p47 clone of the peroxiredoxin ofE. histolyticaexpressed
in E. coli as a glutathione fusion protein as previously
described[24]. The epitopes of the monoclonal antibodies
were mapped using truncated fusion proteins expressed from
the p47 cDNA cut withDraI, Hinf1 orSau3A1 and detected
by immunoblots. The reactivity of the monoclonal antibod-
ies againstE. histolyticaandE. disparwas determined by
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19]. Moreover, immunization with recombinant antigen p
ected gerbils from liver abscesses[20]. A peroxiredoxin o
eishmania majorwas also shown to be protective wh
iven as part of a DNA vaccine to mice[21].

We cloned and compared the active recombinant pe
redoxins and now report critical differences between
ntioxidant activities ofE. histolyticaandE. dispar. E. his
olyticais characterized by: (1) increased resistance to H2O2-
ediated killing, (2) more peroxiredoxin and (3) a prima

urface-localized peroxiredoxin, in contrast toE. dispar.The
urface-localized peroxiredoxin ofE. histolyticais an impor-
ant protective factor against oxidative killing and thus m
acilitate invasion of the host.

. Materials and methods

.1. Amebae cultures

AxenicE. histolyticastrain HM-1:IMSS and monoxen
. dispar strain SAW 1734 were cultivated in TYI-S-3
edium [22] supplemented with 15% bovine calf ser

Irvine Scientific, Irvine, CA). For long-term maintenan
. disparcultures were supplemented withCrithidia fascic-
lata.Clinical isolates were maintained in Robinson’s B
edium with addedEscherichia coli[23] and subculture

hree times a week. Strains were identified asE. histolytica
rE. disparbased on the clinical presentation of the pati
ymodemes[11] and PCR amplification of rRNA sequenc
15].
mmunoblots and ELISA using lysates of clinical strains.
0 was directly labeled with horseradish peroxidase u
Z-Link Plus Activated Peroxidase kit (Pierce). Monos
ific antibodies were produced in mice by immunization w
he full-length glutathione fusion protein[24].

.4. Cloning of peroxiredoxin genes

Genomic DNA was isolated from purified nuclei ofE.
istolyticaaxenic strain HM-1:IMSS and clinicalE. dispar

solate SD119 using the DEPC-Triton X-100 method[25].
riefly, approximately 5× 106 amebae were lysed in 40 ml
riton X-100-RSB buffer (10 mM Tris–HCl pH 7.4, 10 m
aCl, 5 mM MgCl2, 1% Triton X-100, 0.04% DEPC). Th

esulting nuclei were pelleted by low speed centrifugation
he DNA was purified using the DNeasy Tissue kit (Qiag
alencia, CA) following treatment with Proteinase K a
Nase A.
The sequence of the full-lengthE. disparperoxiredoxin

ene (732 bp) was obtained by amplification of geno
NA from clinical isolate SD119. The complete per

redoxin genes fromE. histolytica and E. dispar were
mplified from genomic DNA by PCR using oligon
leotide primer pairs derived from previously repor
equences[17,26], and cloned into pBAD/Thio-TOP
ector (Invitrogen) (E. histolytica: 5′ primer EH29TOPO5
TGAAGAGA-AGAAAAATTATT, 3 ′ primer EH29-
OPO3 = ATGTGCTGTTAA-ATATTTCTT) (E. dispar:
′ primer = ATGTCCTGCA-ATCAACAAAAA, 3′ primer =
TGTGT-TGTTAAATATTTCTT). They were transforme
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into INVaF′ chemically competent cells (Invitrogen) for
recombinant expression.

2.5. Expression and purification of recombinant proteins

Expression of the recombinant peroxiredoxins was
induced with 0.02% arabinose at 37◦C overnight. After cen-
trifugation, the transformed bacteria were lysed in CelLytic
B II (5 ml/g cell paste, Sigma) with deoxyribonuclease I
(5�g/ml, Promega) for 15 min at room temperature, soni-
cated six times each for 15 s and centrifuged at 25,000×g
for 15 min. The recombinant protein contained a thioredoxin
fusion on the N-terminus and a 6-His tag on the C-terminus,
and was purified by metal chelation chromatography using
Ni–NTA spin columns (Qiagen), followed by immunoaffin-
ity chromatography, using two monoclonal antibodies (FP8
and FP10) coupled to cyanogen bromide-activated Sepharose
4B (Amersham Pharmacia Biotech, Piscataway, NJ)[8]. E.
coli thioredoxin was expressed and purified as previously
described[27].

2.6. Peroxidase activity

Peroxidase activity of the purified recombinant enzymes
was measured by a very sensitive fluorometric assay mon-
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tion of 1× 106 cells/ml in 50 mM Tris, 2 mM EDTA, 0.1%
Trition X-100, pH 7.5 containing proteinase inhibitor cocktail
(Complete, Roche, Mannheim, Germany) and E-64 (20�M,
Roche). After two cycles of freeze/thawing, the lysates were
standardized by cell number and protein for ELISAs and
immunoblots.

ELISA plates were coated with monoclonal antibodies
FP16 and FP21 (250 ng each) allowed to bind overnight
at 4◦C, and blocked with 5% BSA in PBS for 2 h. Cell
lysates (4× 103–105 cells/ml or 350–9200 ng protein in
PBS + inhibitors) were incubated in wells for 1 h, washed
in PBS-Tween, reacted with horseradish peroxidase-labeled
FP10 (1:50 dilution in PBS, 0.1% Tween), developed with
SureBlue ReserveTM TMB (KPL) for 5 min, the reaction
stopped by 1N HCl and the absorbance read at 450 nm by
spectrophotometer. Recombinant peroxiredoxins ofE. his-
tolyticaandE. disparwere used to generate a standard curve.
Student’st-test was performed to determine the statistical sig-
nificance.

Immunoblots were made by electrophoresing 0.5–5.0�g
of E. histolyticaor E. dispar lysates by 12% SDS-PAGE
under reducing conditions, probing with a mouse monospe-
cific antibody (1:500 dilution) and detecting with goat anti-
mouse IgG horseradish peroxidase (Zymed) and SuperSignal
(Pierce) TMB (KPL). The monospecific antibodies react to
b
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toring the decrease in tryptophan fluorescence of red
hioredoxin (Trx) as it is oxidized during turnover with t
eroxiredoxin and peroxides[28]. Details of the assay pr
edure were essentially the same as those describe
he Clostridium pasteurianumperoxiredoxin system[29].
riefly, 0.08–0.3�M (final concentrations after mixing)

he peroxiredoxin plus the peroxide of choice (general
00�M) in one syringe was mixed with prereducedE. coli
rx (5–20�M) in the other syringe on an Applied Pho
hysics DX.17 MV stopped-flow spectrofluorometer th
ostated at 25◦C. The buffer in both syringes contain
0 mM potassium phosphate at pH 7.0, 0.5 mM EDTA
00 mM ammonium sulfate. The change in fluorescence

ime (excitation at 280 nm, emission at 90◦ recorded using
20 nm filter) was recorded and converted to micromolar
xidized per second following calibration with known co
entrations of reduced and oxidized Trx. Peroxiredoxin
entrations were determined by densitometry of sample
DS polyacrylamide gels using Quantity One software (
ad, Hercules, CA) as described previously[30] to ensure

hat only the bands corresponding to the recombinant p
redoxin were quantitated.

.7. Quantification of peroxiredoxin by ELISA and
mmunoblots

The amount of peroxiredoxin in cell lysates of axe
trains and clinical isolates ofE. histolyticaandE. dispar
as determined by a sensitive capture ELISA. Trophoz
ere washed three times in PBS, resuspended at a conc
 -

oth denaturedE. histolyticaandE. disparperoxiredoxins
24]. The digitized image was taken with Gel Doc (BioR
nd Densitometry performed with BioRad Quantity One

.8. Confocal microscopy

Trophozoites were washed twice in PBS, pH 7.4, fixe
0% formalin for 15 min at room temperature and bloc
ith 3% BSA in PBS or permeabilized in 0.1% Triton X-1

n PBS for 10 min before blocking. They were incubated w
urified monoclonal antibody, which reacted with both thE.
istolyticaandE. disparperoxiredoxin (FP10, 5�g/ml), and
ntibody was detected with Alexa 488-conjugated goat
ouse antibody (1:500 dilution, Molecular Probes, Eug
R). The samples were imaged with a Zeiss 510 laser
ing confocal microscope and an argon/krypton laser. Im
nalysis was performed using LSM and Adobe Photo
oftware. Negative controls include isotype matched anti

es and the conjugates alone.

. Results

.1. Susceptibility to H2O2 killing

We first compared the sensitivity of clinical isolates oE.
istolyticaandE. disparto H2O2. Both species of ameb
ere killed by H2O2 in a time- and dose-dependent m
er; however,E. disparwas significantly more susceptible
2O2 thanE. histolytica(Fig. 1).
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Fig. 1. Susceptibility of clinical isolates ofE. histolyticaandE. disparto
hydrogen peroxide killing. (A) Trophozoites were incubated in DME-CH
with 0–10 mM H2O2 for 1 h at 37◦C and the viability assessed by trypan blue
exclusion. (B) Trophozoites were incubated with 5 mM H2O2 and aliquots
removed at timed intervals to determine viability. Data represent the mean
and standard error of at least three independent experiments with at least
three different strains performed in triplicate. The differences in killing were
significant at all time points atp< 0.01 (Student’st-test).

3.2. Cloning of the peroxiredoxin genes

The complete peroxiredoxin gene ofE. histolyticahad
previously been cloned[12]. Using primers based on con-
served sequences of peroxiredoxin genes, we amplified a
325 bp fragment fromE. dispargenomic DNA, and the full-
length sequence (732 bp) by amplification from anE. dispar
library (kind gift of Dr. Barbara Mann).

We also obtained the nucleotide sequence from a clinical
isolate ofE. dispar(SD119) and compared it toE. histolytica
and the previously reported sequence fromE. dispar [17].
Like Tachibana and Cheng, we found that our clone had
a number of single nucleotide substitutions. The consensus
sequence encoded a polypeptide of 243 amino acids, and

comparison of nucleotide sequences with the sequence ofE.
dispar[17] revealed a substitution of single nucleotides in 24
positions, which resulted in 12 amino acid changes (Fig. 2).
The sequence also showed 75 single nucleotide changes when
compared to that ofE. histolytica[24], causing amino acid
changes in 16 sites.

A partial sequence encoding a second potential perox-
idoxin was identified through theE. histolytica genome
project; however, it contained multiple stop codons and was
not transcribed (data not shown).

3.3. Expression and activity measurements of
recombinant peroxiredoxin

To evaluate the peroxidase activity of recombinant per-
oxiredoxins, primers were designed to amplify the entire
genes encoding peroxiredoxins ofE. histolyticaandE. dis-
par. The genes were subcloned into the pBAD/Thio-TOPO
expression vector driven by thearaBAD promoter (PBAD).
The resulting thioredoxin fusion proteins were purified by
nickel affinity chromatography using the poly-histidine tag
and immunoaffinity chromatography was performed with
two monoclonal antibodies (FP8 and FP10) to remove any
contaminants. Successful purification of the recombinant
protein by this two-step procedure was demonstrated by
SDS-PAGE with a single 45-kDa band, consistent with the
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Fig. 3).

The peroxidase activity of the recombinant enzymes
easured by a fluorometric stopped-flow assay in a

em containing reducedE. coli Trx, limiting amounts o
he peroxiredoxin and the peroxide substrate. Using
ssay, the activities of theE. histolytica and E. dispar
nzymes toward peroxiredoxin were found to be less

wo-fold different based on the slopes of the lines (Fig. 4A),
ith the E. disparenzyme exhibiting a somewhat grea

evel of activity. More in depth kinetic studies with t
. dispar enzyme indicated that hydrogen peroxide

he best substrate for these enzymes, although the
nd aryl hydroperoxides gave rates at 60, 87 and 85

hat with hydrogen peroxide for cumene hydroperoxidt-
utyl hydroperoxide and ethyl hydroperoxide, respecti
Fig. 4B). Activities with hydrogen peroxide increased l
arly with Trx concentrations up to 20�M (data not shown

ndicating a non-saturable, bimolecular interaction (or
rable only at very high, non-physiological concentratio
ith this reductant. Both saturable and non-saturable kin
ith their electron donors have been observed for pe

redoxins from other organisms[31]; the second order ra
onstant at about 1× 105 M−1 s−1, is also identical with
hat determined for theHelicobacter pylori thioredoxin-
ependent peroxiredoxin[32]. This sensitive, peroxiredoxi
ependent assay also revealed a very lowKm value (<10�M)

or hydrogen peroxide, indicating high reactivity of th
nzymes toward peroxides at even very low pero
oncentrations.
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Fig. 2. Comparison of nucleotide (A) and deduced amino acid (B) sequences of peroxiredoxin from clinical isolate ofE. dispar (SD119, top line) with
monoxenicE. disparstrain (middle line,[17]) andE. histolytica(bottom line,[9]). The sequences were aligned with MacVector 3.5. Identical nucleotide or
amino acid residues are indicated by dashes, and the dots designate gaps in the sequence alignment. Two cysteine residues essential for the peroxiredoxin
activity are indicated by asterisks.

3.4. Quantification of peroxiredoxin in E. histolytica and
E. dispar

Monoclonal antibodies FP-10, FP16 and FP-21[24] were
found to recognize different epitopes of the native perox-

iredoxins of E. histolytica and E. dispar (manuscript in
preparation). FP-21 had previously been shown to inhibit per-
oxiredoxin activity while FP-10 and FP-16 did not[6]. In a
sensitive capture ELISA,E. histolyticalysates had >50 times
more peroxiredoxin thanE. disparwhether standardized to
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Fig. 3. Purification of recombinant peroxiredoxins ofE. histolyticaandE.
dispar by nickel and immunoaffinity chromatography (SDS-PAGE under
reducing conditions). Lane 1, lysate ofE. coli transformed with Eh29kd of
E. histolytica(Ly); lane 2, partially purified fraction ofE. histolyticaafter
purification over Ni–NTA agarose (Ni2+); lane 3, recombinant peroxiredoxin
of E. histolyticafinally purified by immunoaffinity chromatography (MAb);
lane 4, lysate ofE. coli transformed with Ed29kd ofE. dispar(Ly); lane
5, partially purified fraction ofE. disparafter purification over Ni–NTA
agarose (Ni2+); lane 6, recombinant peroxiredoxin ofE. disparfinally puri-
fied by immunoaffinity chromatography (MAb). Arrow points to purified
recombinant peroxiredoxin.

amount of protein (Fig. 5, p< 0.001) or cell number (data not
shown). These findings were also confirmed by immunoblots
reacted with a monospecific mouse antibody (Fig. 6). A sec-
ond band (∼60 kDa), representing a dimer, could be detected
on the gels ofE. histolytica, but notE. dispar. E. histolyt-
ica lysates had 4–7× as much peroxiredoxin proteins asE.
disparby densitometry of the bands. The smaller difference
most likely represents the lower sensitivity of immunoblots,
or could also be due to the solution dynamics of the capture
assay.

3.5. Confocal microscopy

Localization of the peroxiredoxin was determined by con-
focal microscopy in Triton X-100 permeabilized and unper-
meabilized trophozoites ofE. histolyticaandE.dispar. Using
a monoclonal antibody (FP10) which cross-reacted with the
peroxiredoxin of both species, we found that the enzyme
was primarily surface localized inE. histolyticawhether the
trophozoites were solubilized or not, in contrast to cytoplas-
mic distribution inE. dispar(Fig. 7). When trophozoites were
not solubilized with detergent, there was no reactivity with
E. disparstrains, indicating that the peroxiredoxin is exposed
on the surface ofE. histolytica, but notE. dispar(data not
shown).

4
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Fig. 4. Catalytic assays ofE. histolyticaandE. disparperoxiredoxins. (A)
Each of the peroxiredoxins were varied from 0.08 to 0.3�M (final concen-
trations after mixing) and assayed on a stopped-flow spectrofluorometer at
25◦C, measuring the decrease in fluorescence (excitation at 280, 320 nm fil-
ter for emission) as excess reduced thioredoxin (10�M) is oxidized during
peroxiredoxin turnover with 500�M hydrogen peroxide. Rates of fluores-
cence changes were converted to concentrations of thioredoxin oxidized per
second using calibration curves, giving a linear relationship with respect
to the peroxidase for both theE. histolytica(open circles) andE. dispar
(closed circles) enzymes. (B) Assays were conducted as in (A), but included
0.15�M of the E. disparperoxiredoxin, 10�M reduced thioredoxin and
500�M of peroxide, including: hydrogen peroxide (H2O2), ethyl hydroper-
oxide (EHP),tert-butyl hydroperoxide (t-BHP) or cumene hydroperoxide
(CHP). (C) Assays were conducted as in (B), except that 0.115�M of theE.
disparenzyme was used, the hydrogen peroxide concentration was varied
from 7 to 1000�M, and data were fit to the Michaelis–Menten equation
(solid line).

peroxiredoxins (reviewed in[2,31,33]. In early studies, a
“thiol-specific antioxidant” (TSA) was identified inSac-
charomyces cerevisiae[34], as was an alkyl hydroperoxide
(AhpC) reductase system, which is regulated by the hydro-
gen peroxide-sensitive transcriptional activator, OxyR, in
. Discussion

The peroxiredoxin is the major thiol-containing surf
ntigen ofE. histolytica [8]. It belongs to a widely dis
ersed group of proteins found from Archaea to plan
umans with peroxidase and antioxidant activity, ter
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Fig. 5. The amount of peroxiredoxin inE. histolyticaandE. disparmeasured
by capture ELISA. Plates were coated with monoclonal antibodies FP16 and
FP21 (250 ng each) and cell lysates (350–9200 ng protein) added. Binding
was detected with HRP labeled FP10 and SureBlue Researve (KPL) and the
amount of peroxiredoxin determined from a standard curve of recombinant
proteins. Data represent the mean and standard error of four determinations.

Salmonella typhimurium[35]. The peroxiredoxin genes are
well conserved, and their protein products are abundant, sug-
gesting a fundamental and essential function of peroxiredox-
ins in the defense against oxidative stress in living organisms
(reviewed in[31,33]).

AlthoughE. histolyticaandE. disparare morphologically
identical, they are genetically distinct species[1], and only
E. histolyticais capable of invasion. During invasion,E. his-
tolytica trophozoites must attach to the intestinal mucosa,
invade the epithelium and resist immune and non-immune

host defenses, including H2O2 and reactive oxygen species
generated by host immune cells. Therefore, the peroxiredoxin
of E. histolyticais likely to play a key role in protection from
oxidant stress during invasion.

We found that recent clinical isolates ofE. disparare more
susceptible to killing by peroxides in vitro thanE. histolyt-
ica (Fig. 1). This supports the earlier findings of Ghadirian
et al. [10] who found an attenuated strain ofE. histolytica
was more susceptible to H2O2 than a strain, which could
cause abscesses in animal models. We chose to test the differ-
ences in peroxide killing in a more physiologic system, using
recent clinical isolates[36]. Similar significant differences
in peroxide killing could not be demonstrated with axenicE.
histolyticaor monoxenicE. disparbecause the isolates could
not be maintained long-term in identical culture media.

To further characterize theE. histolyticaandE.disparper-
oxiredoxins, we cloned both genes for recombinant protein
expression. The resulting 732 bp gene of clinicalE. dispar
isolate is compared to theE. histolyticagene and a previ-
ously published sequence fromE. dispar[17] (Fig. 3). Both
the E. histolyticaandE. dispar enzymes have two active
site cysteines, Cys47 and Cys170 (S. cervesiaenumbering),
showing that they belong to the 2-cys group of peroxiredox-
ins (reviewed in[31,33]). The 1-cys peroxiredoxins lack the
conserved Cys170 residue, and are thought to be more prim-
itive than 2-cys groups. The disulfide bonds formed during
r mall
c ced
t oxin

F 5–4.6�g protein) were electrophoresed, transferred to nitrocellulose membranes and
d

ig. 6. Immunoblots ofE. histolyticaandE. disparlysates. Lysates (1.12

etected with mouse monospecific antibody. Lane 1, 4.6�g of protein; lane 2, 2.3
eaction with hydroperoxides can be regenerated with s
hemical thiols such as DTT, or physiologically with redu
hioredoxins or species-specific thioredoxin or glutared
; lane 3, 1.15.



8 M.-H. Choi et al. / Molecular & Biochemical Parasitology xxx (2005) xxx–xxx

Fig. 7. The localization of peroxiredoxin of axenicE. histolytica(A) andE.
dispar(B) by confocal microscopy. Trophozoites were fixed in 10% formalin
and permeabilized with 0.1% Triton X-100. They were then incubated with
5�g/ml of the monoclonal antibody FP10, and reacted with Alexa 488-
conjugated goat anti-mouse antibody (1:200 dilution). Cells were imaged
with a Zeiss 510 laser scanning confocal microscope with an argon/krypton
laser. Negative controls using isotype matched antibodies and the conjugates
alone revealed no specific staining (not shown).

homologues. In most bacteria, a specialized protein, AhpF,
comprises both a flavoprotein disulfide reductase segment
similar to thioredoxin reductase and an AhpC-interacting N-
terminal domain related to thioredoxin[30]. The candidate
regenerating protein(s) have not been definitely identified in
E. histolytica. Rat brain thioredoxin/thioredoxin reductase,
but not bacterial AhpF, could reactivate the amebic perox-
iredoxin in vitro [6]. Trypanothione, a conjugate of exoge-
nous glutathione and spermidine, is the major regenerating

thiol compound in trypanosomes[37] and leishmania[38].
There are conflicting reports whether trypanothione exists in
Entamoeba[39–40], but Ondarza’s group reports the recent
cloning of a trypanothione reductase gene inE. histolytica
(R. Ondarza, personal communication).

Wood et al. have recently identified structural features of
higher eukaryotic 2-cysteine peroxiredoxins: a GGLG motif
and an additional C-terminal extension[7]. These motifs con-
fer sensitivity to overoxidation allowing peroxiredoxins to act
as “floodgates” enabling signal transduction at higher H2O2
levels [7]. These sequences are absent inEntamoebaand
some other protozoan parasites such as kinetoplastids and
Giardia, suggesting they may be an evolutionary intermedi-
ate to the dual function peroxiredoxin.

To compare the activity of the individual enzymes from
E. histolyticaandE. dispar, the active recombinant enzymes
were expressed and purified (Fig. 3). Bruchhaus et al.[9] had
shown that the cysteine-rich 40 amino acids of N-terminal
region was important for activity, and our constructs con-
taining the protein as a thioredoxin fusion protein were also
enzymatically active. There were no significant differences
between the activities of the two enzymes toward hydrogen
peroxide, cumene hydroperoxide,t-butyl hydroperoxide or
ethyl hydroperoxide (Fig. 4). These results are not surpris-
ing considering the conservation of the two active-site cys-
teinyl residues and the otherwise high degree of homology in
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mino acid sequence between the two peroxiredoxins.
stingly, the recombinant peroxiredoxin of the free-liv
mebae,E. moshkovskii, had equivalent to slightly great
ctivity than theE. histolyticaenzyme and more prote

ive activity against oxidative-nicking of supercoiled plas
NA [18]. Although it would have been ideal to meas

he thioredoxin-dependent peroxidase activity in cell lys
irectly, the activity depends on the amounts of both pe

redoxin and thioredoxin (equivalent) proteins present in
ssay, both of which would be unknown in extracts.

The hypothesis thatE. histolyticatrophozoites would hav
ore peroxiredoxin thanE. disparproved true. Both axen
p< 0.001) and clinical isolates (data not shown) ofE. his-
olytica had significantly greater amounts of peroxiredo
hanE. dispar (Fig. 5), whether corrected to cell numb
r protein concentration. These results were also confi
y immunoblots (Fig. 6). E. moshkovskiiwas found to hav
imilar levels of peroxiredoxin mRNA by RT-PCR, but it i
ree-living amebae and is exposed to an aerobic environ
18].
E. histolyticaandE. disparcontain the same classes

enes encoding putative virulence factors, including the
eine proteinases[41,42], galactose-inhibitable lectin[43]
nd amebapores[44]. Although these two amebae expr
eroxiredoxins with more than 90% peptide identity[17], we

ound thatE. histolyticaexpresses significantly more enzy
hanE. dispar. The peroxiredoxin ofE. histolyticais likely
mportant in protection from the high-oxygen environmen
he human host and from oxidative attack by activated
hagocytic cells during amebic invasion, while theE. dis-



M.-H. Choi et al. / Molecular & Biochemical Parasitology xxx (2005) xxx–xxx 9

par enzyme may have a major role in protection against its
own metabolically produced H2O2 [17]. Indeed, the peroxire-
doxin was recently shown to be upregulated during exposure
of trophozoites to a high-oxygen environment[45 and B.
Torian, unpublished data].

The cellular localization of the peroxiredoxin ofE. his-
tolytica has been an area of debate. We found the antigen
to be membrane associated by radioiodine and indirect fluo-
rescent antibody labeling of live parasites, immunoelectron
microscopy[12,24], and now confocal microscopy (Fig. 6).
Flores et al.[8] demonstrated that the 29-kDa protein forms
a 60-kDa dimer and a high-molecular-mass oligomer on the
cell surface through disulfide bonds, and is the major free
thiol-containing surface protein ofE. histolytica. However,
cytoplasmic localization was reported by other groups using
indirect fluorescent antibodies[46] and immunoblots of sol-
uble versus membrane proteins[9]. There is no structural
basis to suggest that the peroxiredoxin is a transmembrane
protein, but it is surface associated. Surface localization of
peroxiredoxins has now been suggested in other organisms,
includingBacillus anthracis[47] andCryptococcus neofor-
mans[48] (J. Lodge, personal communication), and the eggs
ofSchistosomamansoni[49]. The fact that the peroxiredoxin
in Leishmania acts as a vaccine is further evidence for surface
location in that organism[21].

One explanation for the membrane association of the
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ica, which can protect the trophozoite from the oxidant attack
of activated host cells, and thereby facilitate the invasion
of the host. Indeed, the recombinantE. histolytica29-kDa
antigen was partially protective in the gerbil model of ame-
bic liver abscesses[20]. Peroxiredoxins are important in the
host–parasite interaction, and may be future candidate targets
for antiamebic drugs and vaccines.
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