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Abstract—The 29 kDa surface protein of Entamoeba histolytica is an abundant antigenic protein expressed by
pathogenic strains of this organism. The protein is a member of a widely-dispersed group of homologues which
includes at least two cysteinyl peroxidases, Salmonella typhimurium alkyl hydroperoxidase C-22 protein (AhpC)
and Saccharomyces cerevisiae thiol-specific antioxidant protein (TSA). Here, for the first time in a pathogenic
eukaryote, we have demonstrated that the amoebic protein also possesses peroxidatic and antioxidant activities in
the presence of reductants such as dithiothreitol or thioredoxin reductase plus thioredoxin. Although the S. typhi-
murium AhpF flavoprotein was not an effective reductant of the amoebic TSA protein, one inhibitory monoclonal
antibody directed toward amoebic TSA was also partially inhibitory toward reduced but not oxidized bacterial AhpC.
These antioxidant proteins are likely to be important not only in general cell protection, but also in the promotion
of infection and invasion by these pathogenic organisms through protection against oxidative attack by activated
host phagocytic cells. q 1997 Elsevier Science Inc.
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INTRODUCTION

Of the group of related proteins from an evolution-
arily wide range of organisms1 including Salmonella
typhimurium AhpC and Saccharomyces cerevisiae
TSA, several new homologues from higher organisms
have recently been reported to exhibit peroxidatic and/
or protective antioxidant activities.2–4 Two cysteine
residues shown to be necessary for catalytic activity in
the bacterial AhpC5,6 and yeast TSA7,8 are conserved in
nearly all of the ú 65 different homologues reported
to date. The 29 kDa surface antigen of Entamoeba his-
tolytica, a homologue of AhpC and TSA, has both of
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the conserved cysteines as well as an extra stretch of
about 40 amino acids at the N-terminus with numerous
additional cysteines.9,10 This protein has been identified
as the source of virtually all free thiols on the surface
of pathogenic strains of the amoeba, suggesting an im-
portant protective role for this homologue.11–13 We now
demonstrate that, in the presence of appropriate reduc-
tants, the 29 kDa E. histolytica protein exhibits per-
oxidatic and antioxidant activities like those previously
described for the bacterial AhpC and yeast TSA pro-
teins. We therefore propose to designate the 29 kDa
amoebic protein as a thiol-specific antioxidant, or TSA
protein.

MATERIALS AND METHODS

Protein purification methods

E. histolytica TSA,13 S. typhimurium AhpC and
AhpF proteins,5 S. cerevisiae TSA,14 Escherichia coli
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Fig. 1. Thioredoxin reductase (TrR) and thioredoxin (Tr) dependence
of the peroxidase activity of the E. histolytica TSA protein. Varying
concentrations of amoebic TSA (0–80 mg/ml) were incubated with
the indicated reductase components as described in Materials and
Methods.

Fig. 2. Protector activity of E. histolytica TSA. Varying concentra-
tions of amoebic or yeast TSA were incubated with glutamine syn-
thetase (GS) in the presence of a mixed oxidation system, then as-
sayed for the remaining GS activity as described in Materials and
Methods.

glutamine synthetase,15 and rat liver thioredoxin reduc-
tase (TrR)16 were purified as previously described. Re-
combinant rat thioredoxin (Tr) was expressed from a
polymerase chain reaction product generated with rat
Tr specific primers and ligated into the NdeI and
BamHI cloning sites of the vector pET-17b (Novagen,
Inc.). A 10 l culture of E. coli strain BL21(DE3) har-
boring the Tr plasmid was grown in a fermentor and
induced for protein expression by addition of 0.4 mM
IPTG for 3 h at 307C. Recombinant Tr was purified by
heat treatment, gel filtration chromatography on a Se-
phacryl S-100 HR column, and ion exchange chroma-
tography on a DEAE-5PW HPLC column. Mabs were
purified by protein A affinity chromatography and were
of the murine class IgG2a.

Peroxidase assays

For all assays, absorbance changes at 340 nm were
monitored to follow NADPH or NADH oxidation. For
assays of E. histolytica and S. cerevisiae TSA proteins
in the presence of rat brain TrR and Tr, TSA (0–80
mg/ml) was added to 150 ml reaction mixtures at 307C
containing 100 mM Hepes-NaOH (pH 7.0), 0.5 mM
H2O2, 0.33 mM NADPH, 0.15 mM TrR and 2 mM Tr.
TrR was incubated with freshly prepared 1 mM DTT
and 0.1 mM EDTA immediately prior to use. Assays
for the S. typhimurium peroxidase system were carried
out under anaerobic conditions at 257C with AhpC in
limiting amounts.5 Reactions (1 ml) contained 300 mM
NADH, 1 mM cumene hydroperoxide (prediluted into
DMSO), 150 mM (NH4)2 SO4, 50 mM potassium
phosphate (pH 7.0), 0.5 mM EDTA, 5 mM AhpF and
150 nM AhpC.

Protector activity assays

Assay for protection of glutamine synthetase (GS)
activity from inactivation by a DTT/Fe3//O2 mixed ox-
idation system was performed essentially as previously
described.14 The reaction mixture (25 ml) contained 2
mg GS, 50 mM Hepes-NaOH (pH 7.0), 10 mM DTT,
7.5 mM FeCl3, and E. histolytica TSA (0–80 mg/ml) at
307C. Percent protection was determined after 10 min
by comparing the activity of GS in assays performed
in the presence of TSA to that of a reaction mixture to
which 1 mM EDTA was added to prevent inactivation
of GS.

RESULTS

Peroxidase activity of E. histolytica TSA

The E. histolytica 29 kDa surface antigen (TSA) was
tested for H2O2-reducing activity using the respective
reductase systems identified for the S. typhimurium and
S. cerevisiae homologues, NADH/AhpF or NADPH/
TrR/Tr. Using the anaerobic AhpC-dependent peroxi-
dase assay,5 but substituting E. histolytica TSA for
AhpC in amounts as high as 300 nM, S. typhimurium
AhpF was shown not to be an effective reductant of E.
histolytica TSA. When both rat brain TrR and Tr were
included in the assay in place of AhpF, however, sig-
nificant NADPH-dependent peroxidase activity was
observed (Fig. 1). This activity was linear with respect
to E. histolytica TSA up to 40 mg/ml, giving a rate of
approximately 7.4 mmol NADPH min01 mg01 for TSA
under these conditions. Catalytic activities observed
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Fig. 3. Inhibition of antioxidant activities of the amoebic TSA and
S. typhimurium AhpC using monoclonal antibodies (Mabs) specific
for E. histolytica TSA. For panels A and B, Mabs were added as
follows: closed circles, FP21, a conformationally-dependent Mab;
open squares, FP36, a Mab mapped to an epitope between amino
acids 200-233 of E. histolytica TSA; closed diamonds, P6, a matched
isotype Mab; and open circles, FP21 with no amoebic TSA. Panel
A, Inhibition of the peroxidase activity of E. histolytica TSA. Amoe-
bic TSA (80 mg/ml) was incubated with varying concentrations of
Mab in the presence of NADPH, TR, and Trx at 307C followed by
the monitoring of NADPH oxidation after the addition of H2O2. Other
assay conditions were as described in Materials and Methods. Panel
B, Inhibition of the ability of E. histolytica TSA to protect GS from
inactivation by DTT/Fe3//O2. E. histolytica TSA (80 mg/ml) was
preincubated with varying Mab concentrations for 5 min at ambient
temperature, then assayed for GS activity as described in Materials
and Methods. Panel C, Inhibition of peroxidase activity in the AhpC/
AhpF system of S. typhimurium. AhpC was preincubated in the pres-
ence or absence of 600 pmol DTT (Ç 10 mM), and 1000 pmol of
Mab for 25 min under anaerobic conditions before assaying as de-
scribed in Materials and Methods.

with cumene hydroperoxide as substrate were similar
to those observed with H2O2 (data not shown).

Protector activity of E. histolytica TSA

The antioxidant activity of yeast TSA protects glu-
tamine synthetase (GS) from oxidative inactivation.14

In a metal-catalyzed oxidation system (Fe3//O2) con-
taining DTT (but not with the nonthiol reductant ascor-
bate), TSA prevents inactivation of glutamine synthe-
tase by thiyl radicals17 and/or hydroperoxides including
H2O2.4,8,18 This protector activity was also observed us-
ing S. typhimurium AhpC in place of the TSA.1 Figure
2 demonstrates that amoebic TSA is just as effective as
yeast TSA in protecting against oxidative inactivation
of GS. In the absence of the amoebic TSA,¢ 87% loss
of GS activity was observed.

Inhibitory monoclonal antibodies directed toward E.
histolytica TSA and cross-reaction with
S. typhimurium AhpC

Of a number Mabs generated to recombinant E. his-
tolytica TSA,9 one of the Mabs (FP21) completely in-
hibited peroxidase and GS protector activities of E. his-
tolytica TSA (Fig. 3A & B). In spite of the significant
phylogenetic distance between E. histolytica and S. ty-
phimurium,1 FP21 cross-reacted with reduced AhpC
and showed approximately 50% inhibition of peroxi-
dase activity in the AhpC/AhpF system (Fig. 3C). Per-
oxide reductase activity was not inhibited by FP10, an
E. histolytica TSA-specific matched isotype Mab that
cross-reacted with AhpC by enzyme-linked immuno-
sorbent assay, or by matched isotype Mab P6 specific
for Pneumocystis carinii. Results with these two non-
inhibitory Mabs were the same whether or not DTT
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was included in the preincubation mixture (data not
shown). That the FP21 antibody interacted with re-
duced, but not oxidized, AhpC suggests that this anti-
body binding occurred at or near one of the catalytic
cysteine residues of the AhpC protein.

DISCUSSION

Experiments reported herein have clearly demon-
strated that thioredoxin and thioredoxin reductase, but
not bacterial AhpF, can support both peroxidase and
GS protection activities of the amoebic TSA. Peroxi-
dase activity of the TSA protein, present in limiting
amounts in reaction mixtures containing TrR and Tr,
was about 210 mol NADPH oxidized min01 mol01 pro-
tein (Fig. 1), comparing favorably with a value of about
650 mol NADH min01 mol01 protein for AhpC under
somewhat different reaction conditions (Fig. 3C). The
amoebic protein is therefore the first identified from a
pathogenic eukaryote in this rapidly expanding group
of related proteins which has been shown to possess
the peroxidase and antioxidant activities demonstrated
previously for S. typhimurium AhpC and S. cerevisiae
TSA.

The first member of the group to be purified and
cloned, AhpC, was originally identified, along with its
flavoprotein reductase, AhpF, as part of an alkyl hy-
droperoxide reductase system in S. typhimurium and E.
coli regulated by the oxidation-sensitive transcriptional
activator OxyR.19,20 Enzymological studies of AhpC
have demonstrated the presence of two redox-active
intersubunit disulfide centers per dimer, strongly im-
plicating one or both cysteine residues as the peroxi-
datic center(s) of the protein.5,6 The corresponding cys-
teine residues have also been implicated as catalytic
centers through mutagenesis studies of the yeast TSA
protein.4,7,17 A unique feature of both of these proteins
is that the two cysteine residues of the catalytic disul-
fide bond lie on different subunits rather than within a
short distance of one another on the same polypep-
tide.5,7 This feature may also hold true for other proteins
of this family with cysteinyl peroxidatic centers.

During the catalytic cycle, these peroxidase proteins
are oxidized on reaction with peroxide (to the disulfide-
containing form), then reduced with an appropriate
thiol-containing substrate.4–7 DTT and reduced Tr can
serve as reductants for all three of the homologues un-
der investigation herein.1,4,6,8 AhpF, whose structural
gene is closely linked to that for AhpC, is the likely
physiological reductant in this and presumably other
bacterial species where the two proteins or structural
genes have been identified. Bacterial AhpF was not,
however, an efficient electron donor for E. histolytica
TSA in these studies; another thiol-linked reductase

system is likely to be responsible for amoebic TSA
turnover in vivo. E. histolytica TrR and Tr may indeed
be the in vivo reducing system in these glutathione-
deficient organisms;21 alternatively, other unusual re-
dox systems may exist in these amoebae as has been
demonstrated for other pathogenic eukaryotes (e.g., try-
panothione and trypanothione reductase in trypano-
somes).22

The antioxidant activities of bacterial AhpC and
yeast TSA have been shown to play a role in defense
of these organisms against oxidative damage;23–25 by
inference, amoebic TSA is also likely to play a defen-
sive role in these organisms. In addition, these antiox-
idant systems may promote infection and invasion by
pathogenic organisms such as S. typhimurium and E.
histolytica by imparting a level of tolerance toward kill-
ing by host phagocytic cells. Significant antibody and
cellular immune responses are mounted against the in-
vading organisms, and infiltrates of cells, such as neu-
trophils, which degranulate and produce toxic oxygen
species must be circumvented for pathogen survival. In
some cases, TSA/AhpC proteins could even act as vir-
ulence factors. Blocking of thiol groups on the surface
of E. histolytica with thiol reagents was previously
shown to result in killing of the parasites.26 Other evi-
dence that antibodies against amoebic proteins can be
protective includes the demonstration that the passive
transfer of antibody against the serine rich E. histolytica
protein (SREHP) was protective against liver abscess
in severe combined immunodeficient (SCID) mice;27 in
another study, gerbils primed with the E. histolytica
TSA protein were also significantly protected against
the development of liver abscesses.10 The fact that an-
tibody to the amoebic TSA inhibits peroxidase and GS
protector may explain these findings in animal models.
Further experiments to elucidate these complex host-
pathogen relationships will be required to address these
issues.
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ABBREVIATIONS

AhpC—alkyl hydroperoxide reductase C component
TSA—thiol-specific antioxidant
DTT—dithiothreitol
TrR—thioredoxin reductase
Tr—thioredoxin
GS—glutamine synthetase
IPTG—isopropyl b-D-thiogalactopyranoside
Mab—monoclonal antibody


