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A high-throughput drug screen for Entamoeba histolytica
identifies a new lead and target
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Entamoeba histolytica, a protozoan intestinal parasite, is

the causative agent of human amebiasis. Amebiasis is the
fourth leading cause of death and the third leading cause of
morbidity due to protozoan infections worldwidel, resulting
in ~70,000 deaths annually. E. histolytica has been listed

by the National Institutes of Health as a category B priority
biodefense pathogen in the United States. Treatment relies
on metronidazole2, which has adverse effects3, and potential
resistance of E. histolytica to the drug is an increasing
concern®3, To facilitate drug screening for this anaerobic
protozoan, we developed and validated an automated, high-
throughput screen (HTS). This screen identified auranofin, a
US Food and Drug Administration (FDA)-approved drug used
therapeutically for rheumatoid arthritis, as active against

E. histolytica in culture. Auranofin was ten times more potent
against E. histolytica than metronidazole. Transcriptional
profiling and thioredoxin reductase assays suggested that
auranofin targets the E. histolytica thioredoxin reductase,
preventing the reduction of thioredoxin and enhancing
sensitivity of trophozoites to reactive oxygen-mediated killing.
In a mouse model of amebic colitis and a hamster model

of amebic liver abscess, oral auranofin markedly decreased
the number of parasites, the detrimental host inflammatory
response and hepatic damage. This new use of auranofin
represents a promising therapy for amebiasis, and the drug has
been granted orphan-drug status from the FDA.

Screening large chemical libraries to identify amebicidals has been
hindered by the throughput of labor-intensive traditional assays that
rely on microscopic visualization®, radioisotopes’ and/or extensive
staining methods®. We developed and employed an automated HTS
that is suitable for rapid and more efficient screening of large, diverse
inhibitor libraries for activity against E. histolytica. The challenges of
developing the HTS platform for E. histolytica included the facts that it
is an anaerobe and that no rapid readout assay is available. We solved

these issues by using GasPak EZ Anaerobe Gas Generating Pouch
Systems and the CellTiter-Glo Luminescent Cell Viability Assay. The
GasPak was not needed during robotic transfers, making this assay
fully compatible with workstation-based automation. We developed
the assay with exponentially growing E. histolytica trophozoites plated
at 50,000 parasites per milliliter in 96-well® or 30,000 parasites per
milliliter in 384-well microtiter plates. We maintained anaerobic con-
ditions using GasPak during growth. As ATP is an essential cofactor
for biogenesis in E. histolytica, we used the CellTiter-Glo luciferase-
based assay to validate the correlation between the number of viable
trophozoites and their ATP levels. The relationship between numbers
of parasites seeded into 96- and 384-well plates and relative lumi-
nescence from CellTiter-Glo assaying of parasites showed a linear
correlation (R? = 0.86 and R? = 0.9) (Fig. 1a,b). Trophozoites readily
tolerated up to 0.5% DMSO, used to dissolve the compounds, with
no effect on growth rate (data not shown). In our system, the half-
maximal effective concentration (EC,) for metronidazole, defined
as that concentration of compound necessary to reduce the culture
density to 50% of that of a DMSO-treated culture, was 5 uM. We
used this HTS assay to evaluate the amebicidal activity of potential
drug candidates, with parasites plated at 50,000 parasites per milliliter
in a 96-well microtiter plate at a single concentration of 5 uM of
the test compound.

We performed the screen with a 910-member Iconix library, con-
sisting of both FDA-approved and unapproved bioactive compounds.
The use of drugs already approved for human use opens the possibility
to reprofile or repurpose’ drugs to treat amebiasis in a rapid and cost-
effective manner; using approved compounds allows for shortened
development timelines and decreased risk, as such compounds have
already passed regulatory clinical trials with full toxicological and
pharmacokinetic profiles®.

We identified 11 compounds as ‘active, causing statistically signifi-
cant growth inhibition (>50%; Fig. 1c and Table 1). The assay showed
excellent discrimination between active and inactive compounds
with a Z’ (a dimensionless calculation used to assess the quality of a
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Figure 1 Assay development for HTS and scatter plot of percentage inhibition of each
well from plates of compound library. (a) Correlation between the number of viable

E. histolytica trophozoites and ATP bioluminescence in 96-well microtiter plate. RLU,
relative light unit. (b) Correlation between the number of viable E. histolytica trophozoites
and ATP bioluminescence in 384-well microtiter plate. Values plotted in a and b are the means and s.d. of triplicate wells. The lines represent the
linear regression for plotted data. (c) Scatter plot of percentage inhibition of each well from 12 96-well plates of the Iconix library. Eleven compounds
yielded both 50% inhibition and 3 s.d. above the mean of the population of compounds tested in the primary screen at 5 uM. +ve avg, mean inhibition
of positive controls; 3-sigma, 50% inhibition and 3 s.d. above the mean of the population of compounds tested; 2-sigma, 2 s.d. above the mean of the
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population of compounds tested; top 200, top 200 active compounds above the mean of the population of compounds tested; average, mean of the
population of compounds tested. Right graph represents the histogram of the compounds tested.

high-throughput assay) of 0.96 +0.13 in the screening experiment using
12 different plates containing the Iconix library compounds. Among
the 11 compounds, auranofin had the highest amebicidal activity with
an EC,, of 0.5 UM, tenfold better than that of metronidazole. Auranofin
purchased from another manufacturer and three auranofin analogs
also inhibited growth of E. histolytica trophozoites (Supplementary
Table 1). Two purine analogs, cladribine and fludarabine, showed 79%
and 77% growth inhibition, respectively, at 5 uM but are not promis-
ing for further development because of reported adverse effects in
humans. We also identified trifluoperazine, a compound with known
amebicidal activity', as a primary hit, confirming the sensitivity of
our whole-cell HTS assay format.

Auranofin is an FDA-approved oral, gold-containing drug that has
been in clinical use to treat rheumatoid arthritis for 25 years and
is sold as Ridaura (Prometheus). The published pharmacokinetic
data of auranofin come from studies in humans with rheumatoid
arthritis after long-term therapy. Auranofin is rapidly metabolized, so
only the released elemental gold can be detected in human blood or
tissues. Following an oral dose, 25% of auranofin (gold) is absorbed
into blood, of which 60% is bound by plasma proteins!!. Steady-state
mean blood gold concentrations in humans are 0.68 £ 0.45 pg ml~!
(according to the package insert from the manufacturer) or approxi-
mately 3.5 UM, more than 7 times the in vitro EC, for E. histolytica.
Auranofin was approved for the long-term treatment of unrespon-
sive rheumatoid arthritis in adults with courses for a minimum of
6 months at oral doses of 3 mg once or twice daily (not adjusted for
weight). The manufacturer indicates the following complications in
patients treated for at least 1 year with auranofin: 47% of patients had
at least one loose stool, 24% a rash, 14% an episode of abdominal pain,
13% stomatitis, 10% nausea, 3% anemia and 2% elevated liver func-
tion tests at some point. The likelihood of gold toxicity is extremely
small in the standard, short-term (7-10 d) therapy for amebiasis.

Recently, auranofin has been shown to rapidly kill juvenile and adult
Schistosoma mansoni in culture at concentrations achievable in patients
with rheumatoid arthritis (5 tM)'? and the bloodstream and procyclic
stages of Trypanosoma brucei with half-maximal inhibitory concen-
tration (IC) in the lower nanomolar range!3. Concentrations as low
as 2.5 UM also kill larval worms of Echinococcus granulosus in vitro4.
Auranofin also strongly inhibits the growth of malarial parasite

Plasmodium falciparum in vitro'® and kills the promastigote stage of
Leishmania infantum in vitro at micromolar concentrations'®.

Although auranofin has been used clinically for 25 years, its
mechanism of action is poorly understood. To identify the basis of
auranofin’s activity against E. histolytica, we undertook a transcrip-
tional profiling study using E. histolytica oligonucleotide micro-
arrays'’. Incubation of E. histolytica with 1 UM auranofin for only 3 h
induced downregulation of genes encoding crucial proteins involved
in mitosis (Rael (ref. 18)) and nucleotide metabolism (nucleoside
diphosphate kinase!?), whereas the genes encoding the signal trans-
duction proteins ADP-ribosylation factor and Raslp were upregu-
lated?® (Supplementary Table 2). However, these transcripts are
also induced by other forms of cellular stress?!. Furthermore, there
was a marked upregulation of the gene encoding a protein similar to
arsenite-inducible RNA-associated protein (AIRAP) (Supplementary
Table 2). The differential expression of these down- and upregu-
lated transcripts in auranofin-treated E. histolytica was validated
by real-time quantitative reverse transcription PCR (qRT-PCR)
(Supplementary Fig. 1 and Supplementary Table 3).

AIRAP is unique among known arsenite-induced genes in that its
expression is not upregulated in response to other oxidants and is only
modestly induced by exposure to metals, such as zinc??, although gold
has not been tested. Our finding that the transcript for a gene similar
to that encoding AIRAP in E. histolytica was highly upregulated by
treatment with low concentrations of auranofin thereby identifies a

Table 1 Hits obtained after screening the Iconix library

Compound Percentage inhibition (5 uM)
Auranofin 100
Sporidesmin A 99
Cycloheximide 98
Cladribine 79
Fludarabine 77
Homochlorcyclizine 73
Trifluoperazine 69
Idarubicin 65
4,4’-diethylaminoethoxyhexestrol 58
Clomiphene 54
Amiodarone 51
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Auranofin (uM) Analog 39 (uM) Analog 7 (nM)
Figure 2 Inhibition of EATrxR by auranofin and its analogs and in vitro and in vivo effects of auranofin on
trophozoites. (a—c) The indicated concentrations of auranofin and analogs were incubated with 45 nM
(a,b) or 20 nM EAhTrxR (c). The main plots show the final linear rates of reaction after 50 s at each
auranofin (a) and analog 39 (b) concentration. For analog 7, rate after 200 s of reaction was plotted (c).
The plotted rates are the mean + s.e.m. of at least three determinations. (d) Susceptibility of trophozoites
with and without auranofin treatment to reactive oxygen species (H,0,) and the effect of added cysteine.
Time points represent the mean + s.e.m. of three experiments in triplicate. *P < 0.002 by Student’s t test.
(e) Fluorescence imaging of E. histolytica detecting reactive oxygen species within trophozoites following
treatment with auranofin or auranofin plus H,0,. Control trophozoites were treated with ethanol alone and
ethanol plus H,0,. Insets are differential interference contrast images. Scale bars, 10 um. (f) Detection
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of oxidized (Ox) and reduced (Red) thioredoxin in controls (C) and auranofin-treated (Aur) trophozoites f
in vitro and in vivo, by mobility shift assays38. Trophozoite standard markers depict completely reduced

(Red-EhTrxSH) and completely oxidized (Ox- EATrxSS) thioredoxin.

new gene in E. histolytica selectively inducible by auranofin expo-
sure. It is noteworthy that both arsenite and auranofin are reported
to be inhibitors of thioredoxin reductase (TrxR)2>24 and metabolic
inhibitors of selenium metabolism?®. This led us to hypothesize
that E. histolytica TrxR is the probable target of auranofin. Because
E. histolytica resides in either aerobic (liver) or anaerobic (colon)
environments in its mammalian hosts, the parasite must have a means
to minimize damage caused by reactive oxygen species produced by
the host immune assault. In most organisms, there are two largely
independent systems to detoxify reactive oxygen species, one based
on glutathione and the other based on thioredoxin. Each of these
systems has a dedicated NADPH-dependent flavoenzyme, glutath-
ione reductase and TrxR, to maintain the reduced state of glutathione
and thioredoxin, respectively?6-28, However, E. histolytica lacks both
glutathione reductase activity and glutathione synthetic enzymes?%;
its TrxR is involved in prevention, intervention and repair of damage
caused by oxidative stress®.

There is a single TrxR-encoding gene in the E. histolytica genome
(EHI_155440). E. histolytica TrxR (EhTrxR) belongs to the low-
molecular-weight TrxR family3! and is similar to bacterial and yeast
enzymes, including the TrxR from Escherichia coli (Supplementary
Fig. 2). In contrast, most higher eukaryotes have a high-molecular-
weight TrxR that is typically a selenocysteine protein; this enzyme
in S. mansoni, known as TGR, has both selenium and an appended
glutaredoxin domain?* (Supplementary Fig. 3). We hypothesized
that Eh'TrxR would not contain selenium and that auranofin would
bind the active-site cysteines. We were able to readily purify active,
His-tagged EhTrxR from solubilized E. coli by nickel-affinity chro-
matography?? for use in inhibition studies.

We examined the activities of auranofin and its two most active ana-
logs for inhibition of recombinant E#TrxR. Low-micromolar concen-
trations of auranofin and analog 39 and nanomolar concentrations of
analog 7 were inhibitory (Fig. 2a—c). The assays were nonlinear for the
first 50 s (shown for auranofin in the inset of Fig. 2a at concentrations
of 0, 0.25, 0.5, 0.75, 1, 2 and 5 UM, in order of decreasing slope),
unlike control reactions without auranofin; inhibition increased

In vitro In vivo

Markers

Red Ox C Aur C Aur

with time until a linear, inhibited rate was established after 50 s of
reaction (Fig. 2a). Examination of the rates after 50 s indicated that
0.4 uM auranofin caused 50% inhibition. The EC,, values for
analog 39 and analog 7 were 0.33 and 0.055 UM, respectively.
Preincubation of the inhibitor with reduced EhTrxR did not remove
the lag phase in inhibition, as seen by the nonlinearity of the data
acquired up to 50 s (data not shown).

Because TrxR is crucial for protecting amebic trophozoites from
oxidant attack, we compared the susceptibility of trophozoites with
and without auranofin treatment to reactive oxygen species (H,O,).
After incubation of trophozoites with 2 WM auranofin for 18 h, the
remaining viable trophozoites (~50%) were significantly more sensi-
tive to killing by 300 uM H, O, than control trophozoites in medium
alone (P < 0.002) (Fig. 2d). Killing by auranofin (2 uM) and H,0, was
reversed by the presence of 2 mg ml~! of cysteine (Fig. 2d). Cysteine
is the major reductant in E. histolytica®?, and its apparent protective
effect may be through direct reduction of thioredoxin or inhibition of
auranofin binding to cysteine residues in TrxR. We detected the pres-
ence of reactive oxygen species after 2 UM auranofin treatment with
fluorescence generated by the oxidation of dichlorodihydrofluorescein
added to the medium?? (Fig. 2e). However, the same concentration of
metronidazole, although producing stress, did not increase intracel-
lular reactive oxygen species (Supplementary Fig. 4). Moreover, we
observed increased amounts of oxidized thioredoxin in auranofin-
treated trophozoites, both in vitro and in vivo, indicating that TrxR
may be a target for auranofin (Fig. 2f).

Recently, the crystal structure of S. mansoni TGR that had been
incubated with auranofin before crystallization was solved?. The
structure revealed gold (Au(I)) rather than auranofin as an adduct
between pairs of cysteines (Cys-Au-Cys) in two different sites and also
bound to the proposed NADPH binding site of the reductase in a third
location. The C terminus of TGR containing a selenocysteine residue
was not observed in the structure and may have bound a fourth gold
atom. The authors of that study proposed that the selenocysteine at
the penultimate position of TGR accelerated the release of gold from
auranofin to form the inactivated enzymes; benzeneselenol added to a
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C-terminally truncated TGR or to glutathione reductase increased the METHODS

rate of inactivation by auranofin?%. The crystal structure of reduced
L. infantum trypanothione reductase complexed with NADPH and
auranofin also demonstrated that gold binds two active cysteine resi-
dues of trypanothione reductase!®.

EhTrxR is of very similar size and domain topology as E. coli TrxR,
a well-studied enzyme3%. Both proteins have an active site dithiol/
disulfide center (Cys-Ala-Thr-Cys for EcTrxR, Cys-Ala-Ile-Cys for
EhTrxR) plus either two or four additional cysteine residues, respec-
tively (Supplementary Fig. 2). By analogy with the S. mansoni TGR,
addition of auranofin could cause gold atoms to bind the NADPH-
binding site of EhTrxR, the active-site thiols, the four cysteine resi-
dues near the C terminus of the enzyme or some combination of
these sites.

Because of auranofin’s in vitro activity against E. histolytica
trophozoites and oral availability, we tested its efficacy in two animal
models of amebiasis. We adapted a mouse amebic colitis model in which
trophozoites invade and colonize mouse cecal tissue after surgical
inoculation®>3%, We co-cultured amebic trophozoites with cecal
bacteria and surgically inoculated them into the cecum of C3H/He]
mice. We delivered auranofin or metronidazole by gavage 24 h after
infection at a concentration of 1 mg per kg body weight per day for
7 d (ref. 37). Both the parasite burden and the inflammatory response
as measured by activity of myeloperoxidase in cecal tissue were signi-
ficantly decreased by auranofin (P = 0.037 and P = 0.0021, respec-
tively) (Fig. 3a,b) but not by metronidazole (Fig. 3c,d). Auranofin
(Fig. 3e) was more effective than an equivalent dose of metronidazole
(Fig. 3f) in a hamster model of amebic liver abscess where treatment
started 4 d after infection. A single oral dose of 3 mg per kg body
weight per day of auranofin for 7 d significantly decreased hepatic
damage in hamsters (P = 0.002) (Fig. 3e). These findings suggest that
auranofin may be an entirely new class of drug to treat amebiasis and
potentially other parasitic infections. On the basis of these results,
the FDA has approved an orphan-drug designation of auranofin for
treatment of amebiasis.

In summary, we have shown that it is feasible to screen large
numbers of compounds in an HTS format for effectiveness against
E. histolytica, and robust and reproducible results can be generated
from this HTS. The discovery of the amebicidal activity of the FDA-
approved drug auranofin offers a promising drug-repositioning
opportunity for the treatment of amebiasis.

Methods and any associated references are available in the online
version of the paper.

Accession codes. Microarray data are deposited in ArrayExpress with
accession code E-MEXP-3494.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

E. histolytica cultures. Axenic E. histolytica (HM1:IMSS) trophozoites were
maintained in TYI-S-33 medium?® and counted using a particle counter
(Beckman Coulter).

Compound libraries. A library of 910 bioactive compounds was donated by
Iconix Biosciences.

HTS cell viability assay. Compounds were diluted using a Biomek FXP
Laboratory Automation Workstation (Beckman Coulter) and the Matrix
WellMate bulk dispenser (Thermo Fisher Scientific) to yield 125 uM com-
pound in 12.5% DMSO. Finally, FXP transferred 4 puL of diluted compound
to the 96-well screen plates, followed by addition of 96 UL (5,000 parasites) of
E. histolytica trophozoites in TYI-S-33 complete medium to the 96-well plates
by the WellMate. Final concentrations of test compound and DMSO per well
were 5 UM and 0.5%, respectively.

Negative controls in the screen plates contained 0.5% DMSO, and positive
controls contained 30 UM metronidazole (Sigma). Assay plates were incubated
for 48 h at 37 °C in the GasPak (VWR) to maintain an anaerobic condition
throughout the incubation period. At the end of incubation, the assay plates
were equilibrated to room temperature for 30 min, and 50 uL of CellTiter-Glo
(Promega) was added in each well of the 96-well plates using the WellMate.
The plates were then placed on an orbital shaker at room temperature for
10 min to induce cell lysis. After lysis, the plates were again equilibrated at room
temperature for 10 min to stabilize the luminescent signal. The resulting ATP
bioluminescence of the trophozoites was measured at room temperature using
an Analyst HT plate reader (Molecular Devices).

Secondary screen for potency determination. For confirmatory screens of
trophozoites, hits from the primary screen were picked from 5-mM stocks in
100% DMSO using the Biomek FXP. For eight-point EC,, determination exper-
iments, we diluted 2.5 pL of stock compounds with 17.5 uL sterile water to
yield 625 uM working concentration of library compounds. A threefold serial
dilution was then performed yielding a concentration range of 0.25-625 uM.
From this dilution plate, 4 uL were transferred into the 96-well screen plates
followed by addition of 96 uL of trophozoites (5,000 parasites) to yield a final
eight-point concentration range spanning 0.01-25 uM in final 0.5% DMSO.
The assays were performed in triplicate using CellTiter-Glo. Visualization and
statistical analysis of secondary screening were performed using GraphPad
Prism software 4.0.

HTS data analysis and statistics. The raw data file from the Analyst HT
plate reader was uploaded using Pipeline Pilot 4.5.2 into Small Molecule
Discovery Center’s database. The results of the data analysis are provided in
Supplementary Data 1 and 2. Percentage inhibition relative to maximum and
minimum reference signal controls was calculated using the formula: percent-
age inhibition = ((mean of maximum signal reference control — experimental
value)/(mean of maximum signal reference control — mean of minimum signal
reference control)) x 100.

The cutoff was selected to determine actives from the primary screen,
which was at least 50% inhibition and 3 s.d. above the mean of the population
of compounds tested.

E. histolytica microarray analysis. We used E. histolytica oligonucleotide
arrays for characterizing transcriptional effects of auranofin. These micro-
arrays were composed of 6,209 70-mer oligonucleotides and encompassed
approximately 90% of the unique genes found in the E. histolytica genome data
set as of February 2004. Oligonucleotides were printed in triplicate on slides
by the Washington University School of Medicine Microarray Core Facility!”.
We used Trizol (Invitrogen) to isolate total RNA from 2 x 10° E. histolytica
HMIL:IMSS treated for 3 h with 0.5% DMSO and 2 x 10° E. histolytica HM1:
IMSS treated for 3 h with 1 pM auranofin. Total RNA was amplified with the
Amino Allyl MessageAmp II aRNA Amplification Kit (Ambion) following the
manufacturer’s protocol. The monofunctional NHS-ester Cy3 and Cy5 dyes
(GE Healthcare Life Sciences) were coupled with 10 pg amplified RNA.
The two amplified RNA pools to be compared were mixed and applied to

E. histolytica microarray. Four samples (two from DMSO-treated and two
from auranofin-treated E. histolytica) were competitively hybridized on two
individual chips. The hybridization was performed at 63 °C for 16 h in a
humidified slide chamber containing the labeled probe, 3x saline sodium cit-
rate (S§SC) and 0.2% SDS. After hybridization, the hybridization chamber was
removed from the 63 °C water bath, washed with 0.6x SSC, 0.03% SDS and
then 0.06x SSC. Microarrays were scanned using a GenePix Pro Axon 4000B
scanner, and then data were analyzed (Acuity software, Molecular Devices)
and deposited in the public database ArrayExpress.

Quantitative real-time PCR. We isolated total RNA from control and
auranofin-treated trophozoites as described under E. histolytica microarray
analysis (above). After reverse transcription, we performed qRT-PCR using
SYBR Green I Master (Roche Applied Science), and the PCR product was
monitored (Mx3005P QPCR System with MxPro QPCR software, Stratagene).
Primer sequences are in Supplementary Table 3.

Purification of recombinant E. histolytica TrxR. The EhTrxR coding sequence
was amplified®® from genomic DNA3, cloned into pET22b (Novagen) and
transformed into BL21 Codon Plus cells (Stratagene). Protein expression was
induced (1 mM IPTG, 2 h, 37 °C), the pellet was lysed in Bacterial Protein
Extraction Reagents (B-PER) (Thermo Scientific) and soluble EhTrxR (1%
Triton X-100, 10 mM imidazole) was purified by NiNTA affinity chromatog-
raphy (Qiagen).

E. histolytica TrxR assay. The thionitrobenzoate-coupled assay for TrxR activ-
ity was modified from Mulrooney*’. Briefly, 600 UL total of 50 mM potas-
sium phosphate, pH 7.0, 1 mM EDTA contained 20 uM E. coli Trx1, 200 pM
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) and 20 or 45 nM EhTrxR at
25 °C. The reaction was started by addition of 100 uM NADPH and monitored
by absorbance at 412 nm, which increases with the reaction due to DTNB
reduction. With these concentrations of DTNB and EATrxR, in the absence of
EcTrxA there was a negligible increase in absorbance at 412 nm. When present,
different concentrations of auranofin (predissolved in ethanol) were added
3 min before the NADPH (to a maximum added volume, at 3.6 UL, of 0.6% of the
total). The initial rate and the rate after 50 s were calculated from the increase
in absorbance at 412 nm, using an extinction coefficient for nitrothiobenzoate
anion of 13,600 M~! cm~! (with two molecules of nitrothiobenzoate generated
per NADPH oxidized) to convert the absorbance change to rates in nmol
NADPH per min.

Auranofin effect on trophozoites. To determine the effect of auranofin on oxi-
dant stress, we preincubated trophozoites (5 x 10° in TYI-S-33) at 37 °C with
auranofin (2 UM, 18 h), ethanol or TYI-S-33 containing 2 mg mL ! of cysteine
(Sigma). Trophozoites were then counted, resuspended in TYI-S-33 with 300 UM
H,0, and their viability was assessed by Trypan blue exclusion. Aliquots were
removed in triplicate every 30 min for 2 h and percentage survival determined
with the CellTiter-Glo, with statistical analysis by Student’s ¢ test.

We determined intracellular oxidant levels by incubating control tropho-
zoites (treated with ethanol), trophozoites treated with ethanol plus H,O,,
trophozoites treated with auranofin and trophozoites treated with auranofin
plus H,0, with 0.2 mM 2’,7-dichlorodihydro-fluorescein diacetate (Sigma) for
45 min (ref. 33), washing, fixing with 4% paraformaldehyde, resuspending in
ProLong Gold mounting medium with nuclear stain (DAPI) and examining by
a Nikon E800 fluorescence microscope.

The redox state of thioredoxin in amebic trophozoites was determined by
protein electrophoretic mobility shift assay>®. HM1:IMSS trophozoites were
incubated 18 h with auranofin (2 uM) or medium alone. In vivo trophozoites
were obtained by flushing infected mouse cecum after treatment for 48 h with
auranofin at 1 mg per kg body weight or the ethanol vehicle alone. Trophozoites
were washed in PBS, pH 7.4, lysed in 100 mM Tris, 8 M urea, ] mM EDTA and
30 mM iodoacetic acid, pH 7.2, for 37 °C for 15 min; excess iodoacetic acid was
removed by precipitation in cold acetone with 1 N HCI (98:2, v/v) and washed
in acetone with 1 N HCl and water (98:2:10). The disulfides were subsequently
reduced in the urea buffer containing 3.5 mM DTT for 30 min at 37 °C, and the
new thiols amidomethylated with 10 mM iodoacetamide. Markers were prepared
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by incubating cultured trophozoites in urea buffer with 3.5 mM DTT for 30 min
at 37 °C, then equal aliquots alkylated with 30 mM iodoacetic acid (reduced
marker) or 10 mM iodoacetamide (oxidized) marker for 30 min at 37 °C (ref. 38).
Samples were electrophoresed by native urea-PAGE on 9% gels and transferred
to nitrocellulose; the bands were detected with rabbit EhTrx-specific antibody>’
(1:200, a gift from S. Adrian-Guerrero) and goat antibody to rabbit IgG conju-
gated to horseradish peroxidase (Invitrogen, 1:10,000, catalog no. 65-6120) by
enhanced chemiluminescence (SuperSignal, West Pico, Fisher Scientific).

In vivo efficacy of auranofin. We injected cecal-passed trophozoites into
the externalized cecum of 6-week-old C3H/He] male mice3® (Jackson
Laboratory) and treated them orally 24 h after infection with 1 mg per kg
body weight per day auranofin (Enzo Life Sciences) or metronidazole for
7 d. The mice were then killed, and the cecum was removed for histopatho-
logy. Trophozoites were quantified by real-time PCR, and myeloperoxidase
activity was assayed*!. Mouse studies were approved by the University of
California-San Diego Institutional Animal Care Committee.

We injected trophozoites (250,000 in 0.2 mL TYI-S-33) intraportally in
hamsters to induce liver abscesses. The hamsters were treated 4 d after infection
orally with 3 mg per kg body weight of auranofin, metronidazole or PBS daily
for 7 d. The hamsters were killed, and the livers and abscesses were dissected
and weighed. Hamster studies were approved by the Centro de Investigacion y
de Estudios Avanzados del Instituto Politécnico Nacional Internal Committee
for the Care and Use of the Laboratory Animals.
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