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Objectives: To determine the mechanism of trifluoromethionine resistance in Entamoeba histolytica and
evaluate the impact of acquired drug resistance on virulence.

Methods: Trifluoromethionine-resistant amoebae were selected in vitro and examined for cross-resistance to
antiamoebic drugs, stability of resistance, methionine y-lyase (MGL) activity, cell adhesion and virulence.
Targeted gene silencing was performed to confirm the role of EAMGL.

Results: Trophozoites with a resistance index of 154 were obtained. The cells were susceptible to chloroquine,
metronidazole, paromomycin and tinidazole, but remained resistant to trifluoromethionine in the absence of
drug pressure. A complete lack of EhMGL activity accompanied by increased adhesion and decreased cytolysis
were also observed. Silencing of the EhMGL genes resulted in trifluoromethionine resistance.

Conclusions: This study provides the first demonstration of trifluoromethionine resistance in a parasitic proto-
zoon. Repression of gene expression of drug targets represents a novel mechanism of resistance in E. histolytica.
The information obtained from this work should help further development of trifluoromethionine derivatives
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that have lower chances of inducing resistance:

Keywords: amoebiasis, drug resistance, methionine +y-lyase

Introduction

Amoebiasis is an intestinal disease affecting 50 million people
each year. Responsible for 110000 deaths annually, it occupies
an important place on the list of parasitic causes of mortality
worldwide.! The aetiological agent is Entamoeba histolytica,
and is contracted through the ingestion of cysts from food and
water contaminated with faecal matter, or through annilingus.
Inside a host, excystation occurs in the ileum, transforming
cysts into trophozoites that may invade the colonic mucosal
barrier.? Invasive amoebiasis is generally treated with metroni-
dazole, a unigue drug that is effective against luminal and
tissue trophozoites.® Treatment failures, however, have been
reported, and while the factors responsible are not clear, differ-
ences in drug susceptibility, resistance, virulence and host
immune response have been implicated.**

While there are no reports of high levels of resistance to
metronidazole in clinicat isolates, resistance to the drug has
been demonstrated in vitro.%” In addition, resistance to the
drug in other anaerobic and microaerophilic parasitic protozoaq,

such as Giardia lamblia and Trichomonas vaginalis, is well docu-
mented.®® These findings signal forthcoming metronidazole
resistance in E. histolytica and have spurred the search for
alternative chemotherapeutic agents.

Trifluoromethionine or -S-(trifluoromethyl)homocysteine is a
fluorinated derivative of L--methionine. Its antimicrobial activity
was first reported by Zygmunt and Tavormina®® in 1966 when
they observed that low trifluoromethionine concentrations com-
pletely inhibited microbiat growth. Since then, triflucromethionine
has been shown to be effective against several pathogenic micro-
organisms, including E. histolytica, where the drug reportedly killed
axenic cultures after 72 h.**~**It has been assumed that in these
organisms trifluoromethionine is degraded by a unique enzyme
called methionine y-lyase (MGL) into a-ketobutyrate, ammonia
and trifluoromethanethiol (CF3SH). The last product is unstable
under physiological conditions and breaks down to carbonothionic
difluoride (CSF,), a reactive cross-linker of primary amine groups,
which is toxic to cells.?®

Trifluoromethionine is currently being developed as an
alternative chemotherapeutic agent against E. histolytica, but

© The Author 2011. Published by Oxford University Press on behdlf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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its potential to induce resistance has not yet been demon-
strated.** Thus, the aim of this work is to determine whether
E. histolytica resistant to the drug can be selected in vitro and
investigate its underlying mechanism.

Materials and methods

Chemicals and drugs

Production of trifluoromethionine was previously described.** Metronida-
zole, chloroguine, paromomycin, L-methionine, L-cysteine, trichloroacetic
acid (TCA) and 3-methyl-2-benzothiazolinone hydrazone hydrochloride
hydrate (MBTH) were purchased from Sigma-Aldrich (St Louis, MO,
USA), while Opti-MEM medium, TRIzol reagent, SuperScript III First-Strand
Synthesis System, PLUS reagent, Lipofectamine and geneticin (G418)
were acquired from Invitrogen (Carlsbad, CA, USA). Tinidazole and
pyridoxal 5’-phosphate (PLP) were acquired from LKT Laboratories, Inc.
(St Paul, MN, USA) and Nakarai Chemicals, Ltd (Kyoto, Japan), respect-
ively. All other chemicals were obtained from Wako Pure Chemical
(Osaka, Japan) unless otherwise stated.

Parasites and cultivation

E. histolytica strain HM-1:IMSS clé (HM-1) and G3 strain, kindly given by
David Mirelman (Weisman Institute, Israel), were cultured axenically in
BI-5-33 medium for 48-72 h at 35.5°C in 13x100 mm Pyrex screw cap
culture tubes or 25 cm? tissue culture flasks (#152094; Nunc, Roskilde,
Denmark).'®

Cultivation and generation of a
trifluoromethionine-resistant E. histolytica line

Semi-confluent cultures of the HM-1 strain were exposed to 0.1 mg/L
(0.5 uM) trifluoromethionine for 24 h. Spent medium and dead cells
were removed by aspiration and replaced with fresh medium without
the drug and cultivated until the mid-logarithmic phase. The procedure
was repeated, followed by a stepwise (0.2, 0.5 or 1 mg/L) increase in
drug concentration until cells growing at 4 mg/L (20 uM) trifluoromethio-
nine were obtained, designated as the trifluoromethionine-resistant
(TFMR) strain.

Cultivation of Chinese hamster ovary (CHO) cells

CHO cells were grown in Ham's F-12 medium (GIBCO, Invitrogen Co.,
Auckland, New Zealand) supplemented with 10% fetal calf serum
(Medical Biological Laboratory International, Woburn, MA, USA) in
25 cm? canted-neck cutture flasks (IWAKI, Tokyo, Japan) at 37°C with
humidified air and 5% CO,. For monoclayer experiments, CHO cells were
grown to confluency either in 24-well plates (Costar Co., Cambridge,
MA, USA) or 35 mm glass-bottom culture dishes coated with collagen
(MatTek Co., Ashland, MA, USA).

Growth kinetics of the TFMR strain and half maximal
inhibitory concentration (ICs,) of trifluoromethionine
and unrelated drugs

Approximately 1x10* cells/mL trophozoites were inoculated in 6 mL of
culture medium. Cultures used for growth kinetics were maintained
with or without 4 mg/L trifluoromethionine and examined every 24 h
for 120 h. The number of viable cells was counted in duplicate cultures
by Trypan Blue exclusion assay.'” Briefly, cultures were incubated on
ice for 10 min and 50 L of cell suspension was transferred to a 1.5 mL
tube and centrifuged at 100g for 5min at 4°C. The pellet was

resuspended in 50 pL of PBS, pH 7.4, containing 2 mg/L Trypan Blue.
The mixture was incubated at room temperature for 3 min and 25 ul
was applied to a haemocytometer and counted.

Cultures used to determine ICso were treated separately with 15 con-
centrations of trifluoromethionine, chloroguine, metronidazole, paromo-
mycin and tinidazole, with a 2-fold increase between doses ranging
from 0.04 mg/L to >400 mg/L. After 48 h of incubation, spent medium
was aspirated and replaced with 6 mL PBS. Tubes were placed on ice
for 10 min and 25 ul was applied to a haemocytometer and counted.
The ICs was determined by fitting a non-linear regression curve to the
concentration-percentage survival growth curve. All experiments were
repeated three times with two replicates per experiment.

Measurement of E. histolytica adhesion

Trophozoites in the exponential growth phase were harvested, washed
with cold PBS and centrifuged at 500 g for 5min at 4°C. CHO cells
were trypsinized (10 mg/mL EDTA, pH 7.4, containing 5 mg/mL trypsin)
in F-12 medium for 10 min, harvested by centrifugation at 500 g for
5 min at 4°C and washed with PBS. Amoebae and CHO cells were resus-
pended in Opti-MEM medium supplemented with 5 mg/mL L-cysteine
and 1 mg/mL ascorbic acid. Amoebae (1x10%cells) and CHO cells
(2x10° cells) were mixed in 1 mL of medium, centrifuged at 500 g for
5 min at 4°C and incubated on ice for up to 90 min. Following incubation,
0.8 mL of supernatant was removed and the pellet broken up by repeated
rotation of the tube by hand. A drop of the cell suspension was examined
as described above. All the trophozoites were examined and those with
at least three CHO cells attached were considered adherent.'® A plate
adhesion assay was performed as previously described.’® Briefly,
~1x10° trophozoites were seeded into a well of a 96-well plate
coated with either human fibronectin (BD BioCoat Cell Environment; BD
Biosciences, San Jose, CA, USA) or collagen type I (SigmaScreen;
Sigma-Aldrich) and incubated under anaerobic conditions using Anaero-
cult A (Merck, Darmstadt, Germany) for up to 40 min at 35.5°C. The
medium was removed and nen-adherent cells were gently washed
twice with PBS warmed to 35.5°C. Adherent cells were fixed with
40mg/ml. paraformaldehyde  (TAAB  Laboratories,  Aldermaston,
England) for 10 min and washed twice with PBS. Cells were stained
with 1 mg/mL methylene blue in 100 mM borate buffer, pH 8.7, for
20 min and washed twice with distilled water. The stain was extracted
with 200 pl of 20mg/mL SDS and the absorbance measured at
660 nm using a DU 530 Spectrophotometer (Beckman Coulter, Fullerton,
CA, USA).

CHO monolayer destruction assay

CHO monolayer destruction was measured as described previously with
minor modifications.?® Briefly, 1x10° CHO cells were seeded into
24-well plates and grown to confluency in a humidified incubator at
37°C and 5% CO,. The medium was removed and the plates were
washed with supplemented Opti-MEM medium. Approximately
2x10° cells of the TFMR and wild-type strains were resuspended in
2 mL supplemented Opti-MEM medium and added to each well. The
plates were incubated under anaerobic conditions at 35.5°C for up to
120 min. The plates were placed on ice for 10 min to release adhered
trophozoites and washed twice with cold PBS. The number of CHO
cells remaining in the wells was measured as described above in the
E. histolytica plate adhesion assay.

Substrate gel electrophoresis

Proteinase activity was detected by substrate gel electrophoresis, as
described previously.?? Briefly, 20 ug of cell lysates from the TFMR and
wild-type strains were separated in a 12% (w/v) SDS-polyacrylamide
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gel copolymerized with 0.1% (w/v) gelatin. The gel was incubated in 2.5%
(v/v) Triton X-100 for 1 h and then in 100 mM sodium acetate, pH 4.5, 1%
(v/v) Triton X-100 and 20 mM dithiothreitol (DTT) for 3 h at 37°C. The
bands were visualized after staining with 0.5% (w/v) Coomassie Brilliant
Blue R-250.

EhMGL activity assay

EhMGL activity was measured based on the production of a-ketobutyrate,
as previously described.”? Briefly, ~2x107 trophozoites of the wild-type
and TFMR strains were suspended in 500 pL of 100 mM sodium phos-
phate buffer, pH 7.0, 20 mM PLP, 0.5 mM E-64, 0.1 mM phenylmethane-
sulfonyl fluoride and Complete Mini-EDTA-free protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany). The suspension was subjected
to three freeze-thaw cycles and insoluble materials were separated by
centrifugation at 15000 g for 15 min at 4°C. Protein concentration was
estimated with the Bio-Rad DC protein assay (Bio-Rad Laboratories, Her-
cules, CA, USA), with BSA as standard. The MGL reaction mixture con-
tained 100 mM sodium phosphate buffer, pH 7.0, 20 mM PLP, 1 mM
DTT, 4 mM trifluoromethionine and 1 p.g/mL amoeba lysate. The reaction
was initiated by adding trifluoromethionine and terminated, after 20 min
incubation at 37°C, by adding 500 mg/mL TCA. The mixture was centri-
fuged at 15000 g for 10 min at 4°C and 100 wL of supernatant was incu-
bated with 160 pb of 333 mM sodium acetate, pH 5.0 and 1.5 mM of
MBTH for 60 min at 50°C. The amount of a-ketobutyrate generated
was determined by measuring the absorbance at 320 nm with sodium
2-oxobutyrate (Fluka BioChemika, Buchs, Switzerland) as standard.

Immunoblot analysis

Cell lysates were prepared as. described above, with all subsequent incu-
bations performed at room temperature. Total protein (10-30 pg) was
separated on a 12% (w/v) SDS-polyacrylamide gel and subsequently
electrotransferred onto nitrocellulose membranes (Hybond-C Extra;
Amersham Biosciences, Little Chalfont, Bucks, UK), as described pre-
viously.”® Membranes were blocked by incubation in 5% (w/v) non-fat
dried milk (BD, Le Pont de Claix, France) in TBST [50 mM Tris-HCl, pH
8.0, 150 mM NaCl and 0.05% (v/v) Tween 20] for 1.5 h. Blots were

reacted with primary anti-EhMGL1 or anti-EAMGL2 “antibody (1:1000)
for 1h.2? The membranes were washed with TBST and further reacted
with alkaline phosphatase-conjugated anti-rabbit (1:2000) for 1 h.
After further washings with TBST, specific proteins were visualized with
an alkaline phosphatase conjugate substrate kit (Bio-Rad) and scanned
with ImageScanner (Amersham Pharmacia Biotech, Piscataway, NJ,
USA). The experiments were repeated in triplicate with proteins isolated
from two independent extractions.

Quantitative real-time (qRT)-PCR

Semi-confluent cultures of the wild-type and TFMR strains maintained
with or without 4 mg/L trifluoromethionine were harvested as described
above. Total RNA was extracted using TRIzol reagent according to the
manufacturer’s instructions. RNA quality was assessed with the Experion
automnated electrophoresis system using the Experion RNA StdSens
analysis kit (Bio-Rad). RNA quantity was determined by measuring absor-
bance at 260 nm with a NanoDrop ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). The synthesis of cDNA
was performed using the SuperScript III First-Strand Synthesis System
according to the manufacturer’s instructions. The cDNA synthesis was
completed on a DNA Engine Peltier Thermal Cycle (Bio-Rad).

The Fast SYBR Green Master Mix (Applied Biosysterns, Foster City, CA,
USA) was used for qRT-PCR in accordance with the manufacturer’s
instructions. In addition to the EhMGLI and EAMGL2 primers used in
this study, a housekeeping gene, the RNA polymerase 11 gene (FhRNA-
PII), was used as a control (Table 1). Each PCR contained & wl (1:50
dilution) of cDNA and 15 pL primer mix, composed of 10 wl of 2X
Fast SYBR Green Master Mix, sense and antisense primers and nuclease-
free water, to bring the volume to 20 uL. qRT-PCR was performed using
StepOne Plus Real-Time PCR System (Applied Biosystems) with the fol-
lowing cycling conditions: enzyme activation at 95°C for 20 s, followed
by 40 cycles of denaturation at 95°C for 3 s and annealing/extension at
60°C for 30s. All test samples were run in triplicate, including an
RT-negative control for each sample set and a blank control consisting
of nuclease-free water in place of ¢DNA. Quantification for each target
gene was determined by the AACt method with ERRNAPII as the
reference gene.

Table 1. Primers used to quantify EhMGLI and EhMGL2 by qRT-PCR and construct the plasmids for

targeted gene silencing of EhMGL1 and EAMGL2

Gene Direction Sequence (5'-3)
gRT-PCR
EAMGL1 sense GTACTTTAGCAGTTTCACTTGGATG
antisense CCAACAGAAATTCTAACTAATTCAGG
EhMGL2 sense TTCCCAGGTCATAAAATTGCTATGG
antisense AAGTTCCAAGAGAAACAGCTAATCC
ERRNAPII sense GATCCAACATATCCTAAAACAACA
antisense TCAATTATTTTCTGACCCGTCTTC
Gene silencing
EhAP-A sense AGCTCTAGACCGCGGCGGCTTGCTGCACCCTTTG
antisense CTCTGAGCTCGTTTAAAGGCCTCATGATTGTTTGTAAGATAG
EhMGL1 sense AGCTAGGCCTATGACTGCTCAAGATATTACTACTAC
antisense GCATGAGCTCCCAATGTGTAAATAATGAAACAG
ERMGL2 sense AGCTAGGCCTATGTCTCAATTGAAGGATTTAC
antisense GCATGAGCTCCACCCATATCTTTAAATCTATTTCC

Restriction sites for Sacil are marked by single underlining, restriction sites for Sacl are marked by double
underlining, and restriction sites for Stul are marked by broken underlining.
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Production of EhMGL gene-silenced strains

The vector used for targeted gene silencing was constructed by amplify-
ing the 5’ upstream region of the EhAP-A gene from psAP-2, using sense
and antisense EhAP-A primers containing restriction sites for Sacl, Sacll
and Stul at the 5 end (Table 1).”> The PCR product was ligated into
psAP-2 and the resulting plasmid was named psAP-2-Gunma vector.
The EhMGL1 and EhMGL2 genes were amplified by PCR from cDNA
derived from the wild-type strain using specific primers (Table 1). The
PCR products and psAP-2-Gunma vector were digested with Stul and
Sacl, and ligated to generate the EhMGL1 and EhMGL2 gene-silencing
plasmid. These plasmids were introduced separately into trophozoites
of the G3 strain by lipofection, with minor modifications as previously
described.?” Briefly, 5x10°cells suspended in 5mL supplemented
Opti-MEM mediurn were seeded into a 12-well plate and incubated
under anaerobic conditions at 35.5°C for 30 min. Following incubation,
4.5 mL of medium from each well was removed and 500 pL of lipo-
some/plasmid mixture (5 ug of plasmid, 10 pL of PLUS reagent and
20 pL of Lipofectamine in Opti-MEM medium) was added. After 5h of
transfection, cells were harvested by placing the plate on ice for
15min, then they were added to culture tubes with 5.5 mL of cold
BI-S-33 medium and incubated at 35.5°C for 24 h. Transformants were
selected by adding 2 wg/mL geneticin to the cultures and gradually
increasing the drug concentration to 6 wg/mL.

Statistical analysis

Correlation coefficients were calculated using the Student’s t-test
function of the Microsoft Excel statistical package (Microsoft Corp.,
Redmond, WA, USA). Probability levels (P) <0.05 were considered
significant. ICso was calculated by non-linear regression analysis using
GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA).

Results

Establishment of the TFMR strain

Exposure of wild-type trophozoites of the HM-1 strain to drug
concentrations >1 mg/L. (5 uM) caused changes in cell mor-
phology, e.g. rounding and detachment within 24 h, and even-
tually resulted in death after 72 h. However, when we initiated
the culture with permissive concentrations, e.g. 0.1 mg/L
(0.5 uM) of trifluoromethionine, and gradually increased the
drug concentration over 6 months, the TFMR strain, which
could be maintained at 4 mg/L (20 uM) with growth rates
similar to those of the parental susceptible strain, was obtained.

Growth kinetics and ICs, of the TFMR strain

The TFMR strain showed comparable growth kinetics with or
without 4 mg/L trifluoromethionine (Figure 1a). Its population
doubling time was slightly longer than the wild-type when
cultured without the drug (13.3+1.1 h and 9.6+ 1.4 h, respect-
ively). As reported previously, 4 mg/L trifluoromethionine
caused significant growth inhibition in the wild-type as early as
24h and a cytolytic effect within 72 h.*>* The growth rate of
the TFMR strain in the presence of the drug, 14.2+1.5 h, was
not significantly different from those cultured without the drug
(P>0.05).

A significantly different drug concentration versus percentage
survival profile was observed between resistant and susceptible
cells (Figure 1b). The ICso of trifluoromethionine in the TFMR
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Figure 1. (a) Growth kinetics of the TFMR and wild-type strains in the
presence or absence of 4mg/L trifluoromethionine. (b) Growth
inhibition by trifluoromethionine of TFMR and wild-type strains. Values
shown are the means (+SEM) of at least two replicate determinations
from three independent experiments. TFM, trifluoromethionine.

1000

and parental strain was 197.4+209 and 1.34+0.2 mg/L,
respectively, and its resistance index was 154 (Table 2).

Trifluoromethionine resistance is irreversible
upon the removal of the drug

We further maintained the TFMR strain in the presence or
absence of 4 mg/L trifluoromethionine for more than 100 gener-
ations and then challenged them with 40 mg/L of the drug. The
percentage survival of the TFMR strain that had been cultured
without the drug, when treated with 40 mg/L trifluoromethio-
nine, was comparable to those cultured with 4 mg/L of the
drug, indicating that resistance was stable and irreversible
(data not shown).

Cross-resistance

The ICsp and resistance indices of unrelated drugs were
computed to determine whether the TFMR strain exhibited cross-
resistance (Table 2). Results showed that the TFMR strain had
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Table 2. ICs, of triflucromethionine and drugs commonly used to treat
amoebiasis against TFMR

Resistance

Drug PubChem CID no.  ICso (mg/L) index®
TFMR

chloroguine 64927 8.18 +4.08 0.4

metronidazole 4173 0.34+0.29 1.3

paromomycin 24176 10.70+2.96 3.1

tinidazole 5479 0.67+0.30 1.1

trifluoromethionine 165196 197.434+20.90 154.0
MGL1gs?

trifluoromethionine 165196 670.09441.78 198.7
MGL2gs®

trifluoromethionine 165196 559.61+92.04 165.9

®Resistance index values are determined by dividing the ICso of drug in
TFMR by that in HM-1. No cross-resistance was observed.

®MGL1gs and MGL2gs refer to trophozoites transfected with EAMGLT and
EhMGL2 gene-silencing plasmids.

susceptibilities comparable to wild-type towards chloroquine,
metronidazole, paromormycin and tinidazole. These observations
indicated that the mechanisms of action and resistance of
trifluoromethionine are different for these drugs.

Trifluoromethionine resistance affects cell adhesion
and virulence

While 54.8 +4.1% of TFMR cells adhered to three or more CHO
cells, 42.2+3.6% of wild-type cells attached to three or more
CHO cells (P<0.05; Figure 2a). The TFMR strain also showed
43.14£19.2% (P<0.01) or 23.5+2.8% (P<0.05) better attach-
ment to fibronectin- or collagen-coated wells compared with
the wild-type strain, respectively (Figure 2a). The TFMR strain,
however, destroyed CHO monolayers at a slower rate, particu-
larly at early timepoints (P<0.05 at 30 min; Figure 2b), indicating
a slight reduction in cytopathy. This was consistent with the
observed decrease in intensity of the band corresponding to
ERhCP5, a well-established virulence determinant, in the zymo-
gram (Figure 2¢).”*?® No gelatin degradation was observed
when lysates were treated with E-64 (data not shown).

Repression of EhMGL in the TFMR strain

EAMGL activity was not detected in the TFMR strain (Figure 3a).
Repression of the enzyme was verified by western blot with anti-
EhMGL1 and anti-EAMGL2 antibodies (Figure 3b). Analysis of
MRNA steady-state level by gRT-PCR also indicated that tran-
scription of both EAMGL1 and ERMGL2 were repressed (Figure 3c).

Repression of EhMGL is sufficient for trifluoromethionine
resistance
These observations suggested that repression of FhMGL activity

alone could result in drug resistance. To answer this question,
we created EAMGL1 and EhMGL2 gene-silenced strains. The
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Figure 2. Effect of trifluoromethionine resistance on adhesion, cytolysis
and cysteine protease secretion. (a) Effect of trifluoromethionine
resistance on adhesion to CHO cells, fibronectin-coated plates or
collagen-coated plates. Three assays were used to compare the
adhesive capacities of the TFMR and wild-type strains. Microscopic
exarnination of trophozoite attachment to CHO cells and colorimetric
determination of cells on coated plates both show that the TFMR strgin
adheres more strongly compared with the parental strain. (b) Effect of
trifluoromethionine resistance on cytolysis of CHO cells. The TFMR strain
destroyed CHO monolayers at o slower rate, particularly at early
timepoints. All experiments were repeated three times with two
replicates per experiment. () Effect of trifluoromethionine resistance
on cysteine protease secretion. Arrowhead indicates ERCPS.

expression of both EhMGL1 and EAMGL2 were abolished in the
gene-silenced strains (Figure 3d). The ICso value of trifluoro-
methionine and the resistance index of the EAMGLT and

50f8

-189-

o8] wioy

SN Je Gio

+10Z ‘61 BuNp U0 NnyuaYy



Penuliar et al.

(a) (b)
z 2
= =
R
T £ i E
0.124 < E = < 1.E+00
oy o I I
| = 8
0.1 o 1.6-01-
2
0.08 : 5
> anti-EhMGL1 @ 1.E-02-
= U
2 0.06; g
g 2 1.E-034
0.04 n Z
anti-EhMGL2 2 1.E-04
0.021 ———m e
Q.
ol ND* % 1.E-05-
HM-1  TFMR anti-EhCS1

B

(@

TFMR with TFM

TFMR without TFM

(%2} v
[= )
N
PR
O O
= =
£
(YU Y]

anti-EhMGL1

anti-EhMGL2

|  EAMGLT = ERMGL2]

anti-EhCS1

Figure 3. Repression of EAMGL expression in TFMR and EhMGL gene-silenced strains. (a) Repression of EhMGL activity in the TFMR strain. EhMGL activity
was measured based on the production of a-ketobutyrate (nmol/min/mg). Reactions were carried out with either 1 wg/mL lysate of the TFMR or
wild-type strain and 4 mM trifluoromethionine. EhMGL activity was not detected (ND) in TFMR (*P<<0.01). (b) Repression of EAMGL in TFMR cultured
in the presence or absence of trifluoromethionine. (c) EhMGL mRNA expression ratios of the TFMR strain relative to HM-1. Quantification of each
target gene was determined by the AACt method using the housekeeping gene ERRNAPII as a control. (d) Repression of EAMGL protein in EAMGL
gene-silenced strains was detected using methods similar to (b). All experiments were performed at least three times. TFM, trifluoromethionine.

EhMGL2 gene-silenced strains were comparable to that of the
TFMR strain (Table 2).

Discussion

For more than 45 years, metronidazole has been the drug of
choice to treat amoebiasis.?” Recently, however, it has become
clear that E. histolytica is capable of developing resistance to
the drug. We previously demonstrated the potential of trifluoro-
methionine as an alternative chemotherapeutic agent against
amoebiasis. We showed that triflucromethionine effectively
killed trophozoites in vitro and that a single subcutaneous or
oral administration of the drug prevented the formation of
amoebic liver abscess in a rodent model."*** While these
results demonstrate the -effectiveness of the drug, its clinical
application may be complicated by the parasite’s capacity to
develop drug resistance, which has not yet been investigated.
In principle, the evolutionary pathways of drug resistance can
be reconstructed in vitro and, in this work, we showed that
exposure of trophozoites to low levels of trifluoromethionine, fol-
lowed by a gradual stepwise increase in drug concentration,
leads to selection of the TFMR strain. In view of this finding,
our research was directed towards the characterization of this
cell line and identification of factors responsible for resistance.
As shown in Figure 1(a), there was a slight delay in the growth
rate of the TFMR strain compared with wild-type cells in the
absence of the drug. When resistance is caused by alteration
of a target, metabolic costs are expected, and this fitness loss
is often reflected in reduced growth.?®%° We next examined if
the phenotype could be reversed in the absence of the drug,
which is the strategy likely to be favoured by selection to avoid
a permanent cost to fitness.*® The TEMR strain, however,
remained resistant to the drug after more than a year of
culture in drug-free medium (data not shown). This often

occurs when the target is not essential for survival or if compen-
satory mechanisms exist.>132

Some studies have shown that cell lines resistant to one drug
are often cross-resistant to closely related drugs or to unrelated
compounds when they carry membrane alterations or when
their mode of action is the same.?*3* It was therefore not sur-
prising to find that the TFMR strain was not cross-resistant to
the drugs listed in Table 2. Trifluoromethionine is a fluorinated
methionine analogue and its mode of action is clearly unique
to microaerophilic/lanaerobic  microorganisms  that possess
MGL.”LS,.’SS

In E. histolytica, differential adhesive capacity and virulence
are important factors that determine the establishment and
outcome of infection.*® Studies have shown that these factors
are influenced by drug resistance, and vice versa.>”*® It is concei-
vable that the increased adhesion observed in the TFMR strain
was necessary in selecting cells during the initial stages of
drug treatment. Adhesion of cells together may create a special-
ized microenvironment that confers a significant advantage that
promotes survival when challenged by trifluoromethionine, and
could be the first step in the pathway towards resistance.
Fitness loss due to acquired resistance is also reflected in
decreased invasiveness.>® The TFMR strain had slower CHO
monolayer destruction, and while the reason for this phenotype
is not entirely clear, it may be at least in part attributable to a
decrease in the activity of cysteine proteases, particularly
ERCP5, which has been implicated in the parasite’s cytotoxic
effects on mammalion cells.?>?® As shown in Figure 2(c), the
TFMR strain had lower EhCPS levels compared with the wild-
type. Since we also determined that its mRNA level was not dif-
ferentially modulated (data not shown), this indicates a possible
defect in enzyme processing or trafficking. Currently it is not
known if the factors that determine resistance and adherence/
cytopathy of the strain are genetically linked.
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Previously it was shown that the amoebicidal effect of trifluor-
omethionine ceases when trophozoites are co-incubated with
oL-propargylglycine (PPG), an inhibitor of EhMGL.!* This finding
indicates that the enzyme is part of the cytotoxic mechanism
of the drug and also suggests that its suppression or inactivation
is a key factor in drug resistance, as shown by the phenotype of
EAMGL gene-silenced strains toward the drug (Table 2). It is not
known how this repression took place in the TFMR strain during
drug treatment. However, clues were obtained from our obser-
vation that resistance was irreversible in the absence of the
drug, and that this was associated with the continued repression
of EAMGL (Figure 3b and c). It is likely that EhMGL was repressed
at the transcriptional level and this repression could have
involved epigenetic silencing.”> This mechanism was suggested
by the high frequency of trophozoites that survived in low tri-
fluoromethionine concentrations (data not shown). It is known
that most drug-induced epigenetic repression is inherited from
one generation to the next and that DNA hypermethylation con-
stitutes one response of cells to drugs.*®*! In E. histolytica, tran-
scriptional  gene silencing may also result from histone
modifications that create an environment of heterochromatin
around a gene that makes it inaccessible to the transcriptional
machinery.*? It is also possible that trifluoromethionine or one
of its degradation products may have interfered with the
binding of transcription factors to their respective cognate cis
element, preventing the transcription of EhMGL genes. Epigenetic
gene silencing was also suggested when we failed to restore tri-
fluoromethionine susceptibility in the TFMR strain by episomal
expression of EAMGL. It was previously reported in E. histolytica
that transcriptional silencing of the gene coding for amoebapore
A resulted in the silencing of both intrinsic chromosomal and
ectopically introduced episomal genes.?> We also attempted to
restore ERMGL activity by the treatment of TFMR cultures with
5-azacytidine, an inhibitor of DNA methylation, but observed
the continued repression of EAMGL. The last observation
implied that DNA methylation may not be involved in the silen-
cing of EAMGL, but the possible involvement of other types of
methylation remains unknown. Whether DNA hypermethylation
or histone modification is responsible for EAMGL repression in
the TFMR strain requires further investigation, but what is clear
is the non-essential role of EhMGL activity for viability in vitro.
It is possible that its absence was tolerated because of a com-
pensatory mechanism occurring elsewhere in the genome that
remains to be identified.

Suppression of enzyme activity is one mechanism that leads
to drug resistance, especially if cells are not severely penalized
by losing its function.” Initially there could have been an adaptive
conflict between the development of resistance and the main-
tenance of sufficient EAMGL activity. However, because of the
specificity of trifluoromethionine to EAMGL, selection took one
course that resulted in complete silencing of the gene.!® In
this study we have provided evidence that in E. histolytica,
ERMGL repression is the key factor that leads to resistance to
the drug.

The potential of trifluoromethionine as an amoebicide,
however, remains undeniable. Its chemotherapeutic index is
high and its activity is not limited to E. histolytica, as it is active
against all microaerophilic/anaerobic organisms that possess
MGL. While we showed that resistance to the drug can be
induced in vitro, the same may not necessarily be true in vivo,

where both drug and host factors come into play. The results
presented here may provide clues on how to redesign trifluoro-
methionine so it is less likely to promote resistance and to help
preserve its efficacy by developing appropriate therapeutic
protocols.
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Introduction

Mitosomes and hydrogenosomes are mitochondrion-related
organelles and found in a phylogenetically broad range of
eukaryotes. Since organisms that possess hydrogenosomes or
mitosomes do not cluster together in eukaryote phylogenies, it is
suggested that secondary losses and changes in mitochondrial
functions have independently occurred multiple times in eukaryote
evolution [1]. This view largely agrees to the observation that the
components and functions of the mitochondrion-related organelles
differ between organisms [1,2].

Entamoeba histobtica, a widespread intestinal protozoan parasite
[3], possesses highly divergent mitosomes [4-6]. We have
previously shown that sulfate activation is compartmentalized in
E. histolytica mitosomes [3]. As sulfate activation generally occurs in
the cytoplasm or plastids in eukaryotes [5,7], its compartmental-
ization to mitosomes is unprecedented. Mastigamoeba balamuihi, a
free-living amoeba that is distantly related to E. histolytica, also
possesses mitochondrion-related organelle. An expressed sequence
tags (EST) project showed that the organism has enzymes for
sulfate activation, and one of the enzymes has the putative
mitochondrial targeting signal at the amino terminus (Jan
Tachezy, personal communication). Trichomonas vaginalis, Giardia
intestinalis, and Cryptosporidium parvum, which also possess mitochon-
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drion-related organelles, ie., hydrogenosome and mitosome,
apparently lack genes encoding these enzymes. Phylogenetic
analyses further revealed that E. histolytica appears to have
acquired enzymes involved in sulfate activation from distinct
prokaryotic and eukaryotic lineages by lateral gene transfer [5].
Therefore, sulfate activation is not a common function of the
mitochondrion-related organelles, but may be a unique feature of
a lineage E. histolytica and M. balamuthi belong to. Although iron
sulfur cluster biosynthesis is shared by aerobic eukaryotes and
highly divergent G. intestinalis mitosomes and T. zaginalis hydro-
genosomes [8-11], it still remains to be unequivocally determined
whether iron sulfur cluster biosynthesis is exclusively compart-
mentalized to the mitosomes in E. histolytica and M. balamuthi [12].

Sulfate is generally activated in two steps. Inorganic sulfate is
converted to adenosine-3'-phosphosulfate (APS); in a reaction
catalyzed by ATP sulfurylase (AS), and further converted to 3'-
phosphoadenosine-5'-phosphosulfate (PAPS) in a reaction cata-
lyzed by APS kinase (APSK). Pyrophosphate concomitantly
produced in the first reaction needs to be decomposed to
phosphates by inorganic pyrophosphatase (IPP). PAPS acts as a
sulfuryl donor to transfer the sulfuryl moiety to various acceptors
by sulfotransferases, resulting into the formation of sulfurylated
macromolecules such as mucopolysaccharides, sulfolipids, and
sulfoproteins [7,13,14]. Alternatively, activated sulfate (APS and
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PAPS) is reduced and assimilated into cysteine [13]. In addition,
activated sulfate is reduced to sulfide and used as a terminal
electron acceptor in the anaerobic respiration in sulfate-reducing
bacteria [13]. The Z. histolytica genome contains 10 potential genes
encoding for sulfotransferases, but lacks the enzymes for sulfate
reduction [5]. Consistent with this, activated sulfate is predomi-
nantly incorporated in sulfolipids in E. Aistolytica [5]. Sulfolipids are
a class of lipids containing sulfur. Among them, sulfoquinovosyl-
diacylglycerol and sulfolipid-I were well characterized in plastids
and Mpycobacterium tuberculoris, respectively [16,17]. Sulfoquinovo-
syldiacylglycerol was shown to be involved in photosynthesis.
Sulfolipid-I was identified as a virulence factor in AL wberculoris.
However, the structure and function of sulfolipids in E. histolytica
remains largely unknown.

While the sulfate activation has been demonstrated as the major
metabolic pathway in E. kistolytica mitosomes [5], the physiological
role of this mitosome-confined pathway remains unknown. In this
study, we attempted to uncover the role of mitosomes in E.
histolytica by using the parasites in which genes for the enzymes
involved in sulfate activation, MCF, and Cpn60 were knocked
down by gene silencing. We showed that these mitosomal proteins
are indeed important for sulfolipid production and cell growth. We
also demonstrated the localizations and topologies of the enzymes
involved in sulfate activation, MCF, and Cpn60 in mitosomes by
immunoelectron microscopy.

Materials and Methods

Gene silencing

G3 strain and psAP-2 plasmid were kindly given by David
Mirelman, Weisman Institute, Israel [18]. An upstream region of
ap-a gene was amplified from psAP-2 using 5'-AGCTCTAGA-
CCGCGGCGGCTTGCTGCACCCTTTG-3" (forward primer;
Sacll site is underlined) and "-CTCTGAGCTCGTITAA
er; Sacl, and Sid sites are double-, and bloken-underhncd
respectively). PCR product was digested with Sacl and SacIl, and
ligated into Sacl- and Sacdl-double digested psAP-2 vector to
produce psAP-2-Gunma. Approximately 380-430-bp fragments
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corresponding to the 5’ end of the open reading frame of Cpn60,
Mcf, As, Apsk, and Ipp genes, respectively, were amplified by PCR
using the following primers sets (Sacl and Stul sites are single- and
double-underlined, respectively):
5'-AAAGGCCTATGCTTTCATCTTCAAGTCATT-3'  (for-
ward) and 5 -GGGGAGCTCTTTGTAATTTTCTTTAATAC-
3’ (reverse) for (pn60; 5'-CATCAGGCCTATGATACAAGG-
TATGACTTATAAACG-3' (forward) and 5'-ACGCGAGCTC-
CTAGCAGTACCAAAGAATGTATC-3" (reverse) for Mef; 5'-
CATCAGGCCTATGAGCATTCAAGAAAACTTAAACAAC-
3’ (forward) and 5'-ACTTGAGCTCGGTCAATTTCAATAG-
TTCCTGAG-3' (reverse) for 4s; 5'-GATCAGGCCTATGGC-
TACTGCTAAGATTGCTG-3' (forward) and 5'-GACT-
GAGCTCGAGGTGGTGGTTCAACAAATTC-3' (reverse) for
Apsk; 5'- CATCAGGCCTATGTCAATTACTTCTATTGTC-
CCC-3' (forward) and 5'-CACCGAGCTCATCAATTGGAT-
CATTATCTCCAGG-3’ (reverse) for Ipp. The PCR fragments
were digested with Sl and Sacl, and ligated into the Stul- and

Sacl-double digested psAP-2-Gunma to produce the plasmids used

for gene silencing. Lipofection of trophozoites and selection of
transformants were performed as previously described [5].

Production of anti-EhCpn60, EhAPSK, and EhIPP antisera

The open reading frame of (pn60, Apsk, and Ipp was PCR-
amplified with primers containing a BamHI restriction site,
digested with BamHI, and ligated into BamHI-digested pCOLDI
to yield pCOLD1-Cpn60, pCOLDI1-APSK, and pCOLDI-IPP,
respectively. These constructs were introduced into E. cofi BL21
(DE3) cells. Expression and purification of the recombinant
proteins were performed as previously described [19]. Briefly, E.
coli pellet was suspended in 20 ml of lysis buffer (50 mM Tris-
HCL, pH 8.0, 300 mM NaCl, and 20 mM imidazole) containing
1% Triton X-100 (v/v), 100 pg/ml lysozyme, and 25 U/ml
benzonase. After 15-min incubation at 4°Cl, the cells were
sonicated on ice and centrifuged at 12,000 xg for 20 min at 4°C.
The supernatant was applied on 50% N12+~NI‘A His-bind slurry
(Qiagen, Tokyo, Japan). The recombinant protein-bound resin
was washed three times with buffer A (50 mM Tris-HCI, pH 8.0,
300 mM NaCl) containing 20-50 mM of imidazole. The bound
proteins were then eluted with buffer A containing 100 mM
imidazole. Rabbit anti-Cpn60, APSK, and IPP antisera were
custom made by Operon Biotechnologies (T'okyo, Japan).

Immunoblot analysis

Whole cell lysates of each gene-silenced strain were analyzed by
SDS-polyacrylamide electrophoresis (PAGE) and immunoblot
analysis as previously described [5]. The dilution of the primary
antibodies was 1:1,000 for anti-Cpn60, anti-APSK, and anti-IPP
antiserum, and 1:100 for anti-CP5 antiserum [5].

Quantitative real-time PCR (qRT-PCR)

The Fast SYBR® Green Master Mix (AB Applied Biosystems,
Foster City, CA, USA) was used for qRT-PCR. RNA polymerase
1T gene (Rnapol) was used as a house-keeping reference gene. Total
RINA was extracted using TRIzol® reagent (Invitrogen, Carlsbad,
CA, USA). The synthesis of cDNA was performed using the
SuperScript III First-Strand Synthesis System (Invitrogen). qRT-
PCR was performed using the following primers: 5’-CCTAT-
GAAAATCGATTGGACATTCTATTGCC-3’ (forward) and 5'-
GCATCACCAGTAGCAAACTTTGTAACTTG-3' (reverse) for
As; 5'-GCCCCAATTGCACCATATCGTGAAATTAG-S' (for-
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IPP MCF

Figure 1. Gene silencing of AS, APSK, IPP, MCF, and Cpn60. (A) gRT-PCR analysis of AS, APSK, IPP, MCF expression in the gene-silenced strains.
The relative expression level is expressed in percentage of the control strain. (8) Immunoblot analysis of the gene-silenced strains. Approximately
40 ug of lysates of the gene-silenced strains were subjected to SDS-PAGE and immunoblot analysis using anti-APSK, IPP, Cpn60, and CP5 antisera.

Control, G3 strain transfected with an empty vector (psAP-2-Gunma).
doi:10.1371/journal.pntd.0001263.g001

ward) and 5'-GCACATTGATCAACAGACTTACCAGCAG-3’
(reverse) for Apsk; 5'-GATCCTCTTGCTCAAAACCATTA-
CATCTG-3' (forward) and 5'-GTCTAACGCCAATTTTGA-
TAACTTCTTTTGAG-3" (reverse) for Ipp; 5'-GCATGTTTT-
GATTTTGTTGCTCCATTAGTTCC-3' (forward) and 5'-CA-
CTGACTAATGGAACAACTTTGACAAATCC-3' (reverse) for
Myf; 5'-GATCCAACATATCCTAAAACAACA-3’ (forward) and
5'-TCAATTATTTTCTGACCCGTCTTC-3' (veverse) for Rna-
pol. qRT-PCR was performed using StepOne Plus Real-Time
PCR System (AB Applied Biosystems) with the following cycling
conditions: 95°C for 20 s, followed by 40 cycles of 95°C for 3 s,
and 60°C for 30s. All reactions were run in quadruplicate,
including reverse transcriptase-minus and ¢cDNA-minus controls.
Quantification for each target gene was determined by the ACt
method with Rnapol as reference gene.

Metabolic labeling

Metabolic labeling was performed as previously described [5]
with some modifications. Briefly, approximately $x10° trophozo-
ites were labeled with [*°S]-labeled sulfate (25 mCi/mmol) in
1 mL of the BI-8-33 medium either continuously for 2, 4, or 8 h,
or labeled for 4 h and chased for 4 or 24 h after removing [*°S]-
labeled sulfate. Cells were collected and lipids were extracted with
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0.5 mL of methanol and separated on a silica high-performance
thin-layer chromatography plate in 35:65:8 (vol/vol/vol) metha-
nol/chloroform/28% (w/w) ammonium hydroxide [20]. Thin-
layer chromatography plates were dried and analyzed by
autoradiography.

Immunoelectron microscopy analysis

E. Istolytica transformants expressing epitope-tagged mitosomal
proteins were previously established [5]. Approximately 5x10°
trophozoites were resuspended in 2 ml BI-S-33 medium and
seeded onto a molybdenum disk (Nissin EM Co., JAPAN) in a
well of a 24-well plate. After 15-min incubation at 35.5°C, the
molybdenum disk that amoebas adhered to was removed and
immediately immersed in liquid propane at —175°C. The disk
was further fixed and sectioned as previously described [21]. The
disk was reacted with primary antibody diluted at 1:2000 (anti-
Cpnb0 antiserum) and 1:500 (anti-HA monoclonal antibody) in
phosphate-buffered saline containing 1.5% bovine serum albu-
min for overnight at 4°C. The samples were then reacted with
colloidal gold-conjugated anti-rabbit or anti-mouse secondary
antibody (1:20) for 1 h at room temperature. Samples were
examined by electron microscopy at Tokaii Microscopy., Inc
{(Nagoya, JAPAN).
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Results

Establishment of gene-silenced strains

To investigate the role of the mitosomes and, more specifically,
mitosome-localized sulfate activation pathway, chaperones, and
ADP/ATP transporter, we established the E. hustolytica strains in
which AS, APSK, IPP, MCF, and Cpn60 genes were knocked
down by gene silencing [18,22]. These gene-silenced strains were
designated ASgs, APSKgs, IPPgs, MCFgs, and Cpn60gs strains,
respectively. AS, APSK, and IPP are essential components of the
sulfate activation pathway, while MCF transports ADP/ATP
across the mitosomal membrane and Cpn60 functions as a
mitosome-specific chaperone [5]. Reduction of gene expression of
each target gene was verified by gRT-PCR in the gene-silenced
strains. The amount of the steady-state transcript of the genes
mvolved in sulfate reduction was reduced by 80.4-91.8%
(Figure 1A). The changes of the level of the transcripts of
irrelevant genes ranged 0.4-1.8 fold of the control, but mostly
varied only in the range of 0.8-1.6 fold. In APSKgs, IPPgs, and
Cpn60gs strains, the reduction of each target protein was
confirmed by immunoblotting (Figure 1B). Although we observed
slight variations in the amount of APSK and Cpn60 in the gene-
silenced strains (e.g., reduction of Cpn60 protein in MCFgs strain),
these variations did not correlate with the changes in the
transcripts. In APSKgs strain, IPP mRNA level was also slightly
decreased, while its protein level remained unchanged.

Effects of repression of sulfate activation on sulfolipid
synthesis

We previously showed that in E. histolytica trophozoites, the
majority of activated sulfate are incorporated into sulfolipids [5].
So, we first examined the time course of accumulation of
sulfolipids in ASgs, APSKgs, IPPgs, and control mock transfor-
mants (G3 strain transfected with an empty vector), by metabolic
labeling. As shown in Figure 2A, in the control mock
transformant, four major groups of sulfolipids (I-IV) were detected
by thin layer chromatography, similar to HM1 reference strain as
described previously [5]. The amount of sulfolipids (I-IV) changed
differently in the individual gene-silenced strains. However, the
trend of the decrease of each sulfolipid was similar among the
strains: I and III were highly affected, whereas I and IV were not
affected as muh as II and III. Thus, only the total count of labeled
sulfated lipids is shown. At 8 h of continuous labeling with [**S]-
sulfate, the sulfate activation activity in ASgs, APSKgs, and IPPgs
was decreased to 54.1%11.0, 49.1%15.9, and 24.0%£0.6%,
respectively, as compared to the control (Figure 2B). We also
examined the stability of the accumulated products by pulse-chase
experiment. The degradation kinetics of all transformants was
similar (Figure 2C). These results indicate that AS, APSK, and IPP
are indeed involved in sulfate activation.

We next examined the growth of the gene-silenced strains.
Although ASgs, APSKgs, IPPgs, and the mock control showed
similar growth pattern, the three former strains showed marked
growth retardation. The doubling time of ASgs, APSKgs, and
IPPgs was 24.9%2.7, 26.1£2.0, and 34.4*1.2 h, respectively,
while that of the control was 15.0+0.8 h (Figure 2D). The degree
of the growth inhibition was parallel to the level of repressed
sulfate activation activity (Figure 2B, growth rate: IPPgs<APSKg-
s = ASgs<control). These results indicate that sulfate activation is
important for cell proliferation.

Chlorate (ClO3™), a known inhibitor for AS in mammals and
fungi [23-25], inhibited cell growth of E. |lustolytica
(IC50=10.5 mM). At this concentration, the sulfate activation
activity (as expressed as the total count of labeled sulfated lipids)
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was decreased to 22.5% of the control. Furthermore, the apparent
ICs5p of the recombinant E. fustolytica AS by chlorate was
determined to be 3.55%0.25 mM. These results support the
premise that sulfate activation plays an important role for
proliferation.

Effects of repression of Cpn60 and MCF on sulfolipid
production and growth

We also investigated the role of Cpn60 and MCF in sulfate
activation. In Cpn60gs and MCFgs strains, the activity of sulfate
activation was decreased to 20.2+5.4 and 34.2+1.1%, respec-
tively, as compared to the control (Figure 2B). MCFgs and
Cpn60gs strains also showed marked growth defect; the doubling
time of MCFgs and Cpn60gs strains was 41.7%55 and
82.4%14.5 h, respectively (Figure 2D). These results indicate that
MCF and Cpn60 significantly contribute to sulfolipid synthesis
and cell proliferation. However, as growth of these gene-silenced
strains was moderately-to-severely affected, the growth retardation
should be taken into account for the impaired sulfolipid synthesis
in these strains.

Localization and topology of the enzymes in sulfate

activation pathway

We investigated the localization and topology of the proteins
involved in sulfate activation pathway by exploiting the transfor-
mants expressing the HA-tagged proteins (AS, APSK, IPP, and
MCF). Immunoelectron microscopy revealed that all the proteins
examined are confined to the electron dense double-membrane-
surrounded organelles, the size of which are 150-400 nm in
diameter (Figure 3A). Double labeling with anti-HA and anti-
Cpn60 antibodies showed that these proteins were co-localized
with Cpn60, the authentic marker of mitosomes (Figure 3B; only
AS and MCF were shown). While AS, APSK, IPP, and Cpn60
were evenly distributed throughout the luminal (matrix) part of
mitosomes, MCF was concentrated on the inner membrane of
mitosomes. The quantification results for the distribution of AS,
APSK, IPP, MCF, and Cpn60 were summarized in Table 1.
These proteins were found to be 140-560-fold concentrated in
mitosomes as compared to the cytosol. The number of mitosomes
was estimated to be 32.1%9.7 per section (10 sections of 10 cells
were examined). We estimated by the method described previously
[12] that the mitosomes density is about 1.57 per pm®, the number
of mitosomes per trophozoite is about 6585, and the volume
percentage of mitosomes is about 1.2%, in the E. histolytica
transformant lines used in this study.

Discussion

In our previous report, we showed that mitosomes of E.
lustolytica uniquely possess sulfate activation pathway, while they
have lost most of the functions shared by other aerobic eukaryote
mitochondria including TCA cycle, electron transport, oxidative
phosphorylation, and B-oxidation of fatty acids [5]. Only three
chaperones and two mitochondrial-type transporters aside from
the components in the sulfate activation pathway are retained in E.
histolytica mitosomes [4,5,26]. Since the sulfate activation pathway
is not typically confined to the mitochondria, and generally present
in either the cytosol or plastid in eukaryotes [5,7], the physiological
significance of its compartmentalization in E. Aistolytica remains
unknown [3].

In this report, we have provided several lines of direct and
indirect biochemical and cell biological evidence that the sulfate
activation pathway plays an important role in the production of
sulfolipids and the growth of trophozoites. Consistent with this
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Figure 2. Repression of sulfate activation in the gene-silenced strains. (A) Thin layer chromatography of the extract from the gene-silenced
strains. The trophozoites were either continuously cultured in the medium containing 35S-labeled sulfate for 0-8 h (4 left lanes), or cultured with 3°S-
sulfate for 4 h and subsequently cultured in the isotope-free medium for 4 or 24 h (2 right lanes). Four major groups of sulfolipids are labeled (“I-IV").
(B-C) Quantitation of total sulfolipid synthesis. The kinetics of the total count of 3S incorporated into the sulfated polar lipids that were separated by
thin layer chromatography, and measured by densitometric analysis using an image analyzer (Fuji), are shown. The trophozoites were either
continuously cultured in the medium containing >*S-labeled suifate for 8 h (B), or cultured with 3*S-sulfate for 4 h and subsequently cultured in the
isotope-free medium for 24 h (C). The level of incorporated **S-sulfate at each point was normalized with protein concentrations and expressed as
relative values to the level of S incorporated in the control strain at 8 h (in continuous labeling experiments, B) or at 0 h (in pulse-chase
experiments, C) as 100%. (D) Growth kinetics of the gene-silenced strains. Control; G3 strain transfected with the empty vector (psAP-2-Gunma).

doi:10.137 1/journal pntd.0001263.g002

premise, the AS inhibitor, chlorate, inhibited the sulfolipid
production in and the growth of E. kustolytica. Further supporting
the specificity of chlorate to AS, two amino acid residues (Asn198
and His201) of Saccharomyces cerevisiae AS, which were implicated in
the chlorate binding [24], as well as Arg362, which is located in
the highly conserved ISGTxxR motif, are well conserved in E.
histolptica AS (Asn211, His214, and Arg375).

In addition to the importance of the enzymes in the sulfate
activation pathway, we demonstrated that MCF, and Cpn60 also
play an important role in cell proliferation. The phenotype of
Cpn60gs is most likely attributable to multiple defects as Cpn60 is
required for the folding and quality control of mitosome-targeted
proteins [27]. Lack of Cpn60 should result in an inability to fold
freshly-imported mitosomal proteins and therefore make them
functional. This notion likely explains why the knockdown of
Cpn60 impaired the cell growth more severely than that of the
genes directly involved in sulfate activation. The phenotype of
MCFgs strain was probably accounted for the lack of ATP supply

(A)

required for chaperone functions and for the activation of
inorganic sulfate into PAPS in AS- and APSK-catalyzed reactions.
The latter possibility was supported by the observation that in
MCTFgs strain, the activity of sulfate activation was significantly
reduced while the amount of the proteins involved in the pathway
was not changed. Lack of MCF would impair the ADP/ATP ratio
in mitosomes, and, as Cpn60 needs ATP to function, likely cause a
similar effect as Cpn60gs. We assume that MCF and Cpn60 are
not indispensable for sulfolipid synthesis per se, but gene silencing
of these house-keeping proteins resulted in broader effects, and
thus severe impairment of mitosome functions.

Immunoelectron microscopy revealed that MCF is mainly
localized on the inner mitosome membrane. Although membrane
topology may need to be further verified, the observed localization
of MCF agrees well with its biochemical characteristics, previously
demonstrated: ATP import and ADP export [28]. Recenty, E.
histolytica phosphate transporter (EhPiC) has been identified and
proposed to transport phosphate released from ATP through

Figure 3. Localization of mitosomal proteins by immunoelectron microscopy. (A) Single labeling of AS, APSK, IPP, and MCF in the
transformants that express HA-tagged proteins. Low magnification image is also shown for AS. No labeling was observed in the untransfected cells
(“wild type”). (B) Co-localization of AS and MCF with Cpné60. Single staining of Cpné0 (upper panels) and double-labeling of AS and Cpné0 (bottom,
left) and MCF and Cpn60 (bottom, right) labeled with colloidal gold particles of different sizes in the transformants expressing HA-tagged AS and
MCF.

doi:10.1371/journal.pntd.0001263.g003
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Table 1. Distribution and density of the mitosomal proteins.

Role of Mitosomes in E, histolytica

Mitosomal proteins

Labeling density (golds um ™)  Cytosol 2.13+1.15

Distribution ratio {(mitosome cytosol ™) 175 263

2.86%+2.12

0.930%0.900 0.908+0.744 0.950%0.908

383 - 561 140

doi:10.1371/journal.pntd.0001263.t001

hydrolysis by chaperones, i.e., Cpn60 and mitochondrial HSP70
[26]. It is conceivable that EhPiC transports phosphate generated
by IPP in sulfate activation pathway in mitosomes.

While the structure of E. histolytica mitosomes revealed by
immunoelectron microscopy was far different from the typical
eukaryotic mitochondria, it was somehow similar to the mito-
chondrion-related organelles, described as densely-stained double
membrane-bound organelles lacking the typical cristae, in M.
balamuths, in shape, apparent size, number per cell, and structure
[29]. Together with the fact that Ad. balamuthi possesses genes
involved in sulfate activation, it is possible that sulfate activation is
a unique feature shared only by E. kistolytica and M. balamuthi,

The number and structure of mitosomes demonstrated in this
study was slightly different from previous reports [12,30]. This
may be due to the heterogeneity of mitosomes in the cells. We
have also previously shown that the distribution of AS, APSK,
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Introduction

Invasive amebiasis (IA) caused by Entamoeba histolytica is the
second most common cause of mortality associated with parasitic
infections worldwide, accounting for 40,000 to 100,000 deaths
annually [1]. Amebiasis is transmitted by ingestion of food or
water containing the cyst form of E. histolytica, which is prevalent in
developing countries in Central and South America, Asia, and
Africa. In the developed countries, most cases arise in travelers and
immigrants from such endemic areas [2]. Recently, however, three
developed East Asian countries (Japan, Taiwan, and South Korea)
reported increased risk for amebiasis among men who have sex
with men (MSM) due to oral-anal sexual contact [3-12]. The
annual incidence of human immunodeficiency virus type 1 (HIV-
1) infection is also increasing among MSM in these countries [13-
17], resulting in growing concern on IA in HIV-1-infected MSM
[6,9-12,18]. The recommended treatment for IA is metronidazole
(750 mg t. i. d. for 10 days) or tinidazole (2 g q. d. for 3 days),
followed by a luminal agent {(paromomycin 500 mg t. i. d. for 10
days or diloxanide furoate 500 mg t. i. d. for 10 days) to eliminate
intestinal colonization [18,19]. A previous report described no
difference in the response to metronidazole or tinidazole treatment
between HIV-1-positive and —negative IA patients [20]. However,
the efficacy of luminal treatment in preventing recurrence, which
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can arise by relapse or re-infection, has not yet been assessed
rigorously. In this study, we retrospectively analyzed 170 HIV-1-
infected Japanese patients with IA, together with genomic typing
of E. histolytica in 14 of these patients, and delineated the clinical
features of IA in HIV-l-infected individuals and the efficacy of
metronidazole, tinidazole and luminal treatment.

Methods

Ethics statement

The Institutional Review Board of National Center for Global
Health and Medicine (Tokyo, Japan) approved this study. All
patients who provided clinical samples for genotyping of E.
histolytica gave written informed consent.

Case review

The medical records of HIV-1-infected cases diagnosed with IA
at the AIDS Clinical Center, National Center for Global Health
and Medicine, between April 1997 and March 2010, were
reviewed. The diagnosis of IA was made when one of the following
criteria was satisfied; 1) identification of and/or positive PCR
(methods; see below) in clinical specimens (stool or punctuate-
exudate) for erythrophagocytic trophozoites in patients with IA-

September 2011 | Volume 5 | Issue 9 | 1318

-200-



related symptoms, e.g., fever and liver abscess, or tenesmus and
diarrhea, 2) high serum titer (>1:100) for antibody against E.
listolytica in patients with IA-related symptoms in whom microbi-
ological cultures or histological examination of clinical specimens
did not identify any pathogen, and who showed improvement of
IA symptoms following metronidazole or tinidazole monotherapy
[10-12]. The medical records were surveyed for patients’
characteristics, presenting forms of clinical IA [e.g., colitis, amebic
liver abscess (ALA), and perianal abscess], HIV-l-induced
immunocompromised status, and symptoms, laboratory data and
serological markers of other sexually-transmitted diseases (STD)
including syphilis, hepatitis B and C viruses (HBV and HCV).
After completion of treatment for IA, the medical records were
followed-up until March 2010, excluding those cases found to have
died or lost to follow-up.

Genotyping of E. histolytica

To determine the strains of E. histolytica among HIV-1-infected
Japanese patients, genotyping of E. histobtica was performed in
patients who were PCR positive. The PCR method was used for the
first time in our clinic for the diagnosis of amebiasis in December
2008, and since then 14 patients had been diagnosed as IA based on a
positive PCR. For the PCR, DNAs were extracted from various
biological specimens (e.g., stool, colon wash and punctuate-exudate)
by using QIAamp DNA stool Mini Kit (Qjagen, Valencia, CA).
Polymerase chain reactions were performed with specific sets of
primers designed to target each of 6 loci (D-A, $-Q, R-R, A-L, ST6A
D, and N-K) of tRNA-linked polymorphic short tandem repeats
(STR), as described previously [21]. The PCR product was
sequenced by ABI 3130XL Genetic Analyzer (Applied Biosystem,
Foster city, CA) in both forward and reverse directions. Phylogenetic
analysis and genotyping were performed as described previously [22].

Statistical analysis

Differences in patients’ characteristics and clinical features were
examined using the chi-square test or nonparametric test. The
cumulative risk for recurrence was analyzed by the Kaplan-Meier
method, and differences were tested by the log-rank test. The Cox
proportional hazards model was used to assess the impact of luminal
treatment on the recurrence rate after adjustment for other factors.
The hazard ratio and 95% confidence interval were calculated. P
values less than 0.05 were considered to denote statistical
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significance. All statistical analyses were performed using the
Statistical Package for Social Sciences (SPSS Inc., Chicago, IL).

Results

Clinical data and response to treatment

IA was diagnosed in 170 HIV-l-infected cases between April
1997 and March 2010 (including amebic colitis, n=102; ALA,
n =63; and perianal abscess, n =35, Table 1). Thirty-three patients
had two of the above three clinical forms of IA. Al patients were
males and 164/170 (96.5%) were MSM. High rates of positive
TPHA (Tieponema pallidum hemagglutination assay) (71.2%) and
HBV exposure (HBs antigen-positive, HBs antibody-positive, or
HBc antibody-positive) (60.0%) were observed. No significant
differences were seen in CD4 counts, HIV-1 loads, coexisting AIDS
definite disease and the proportion of patients treated with
antiretrovirals, suggesting that HIV-induced immunocompromised
status did not have an impact on the clinical presentation of amehic
infection, in agreement with previous data [12]. In cases of amebic
colitis {n=102), diarrhea (69.7%) was the-most common symptom
followed by dysentery (55.9%) (Table 2). Fever (>>37.5°C) was seen
in only 20 patients (19.6%), including 5 cases with perforative
peritonitis. In cases with ALA (n=63), fever (95.2%) was the most
common symptom followed by abdorminal pain (55.6%). Diarrhea
(46.0%) and dysentery (19.0%) were only seen in less than half of
ALA cases. Single abscess (72.6%) was identified in most cases. Liver
abscesses were seen more frequently in the right lobe (70.5%) than
the left (9.8%). Nine patients (14.3%) had pleuritis (considered a co-
existing disease), as well as abscesses in the right lobe, and 7 of these
presented chest pain. Comparison of physical and laboratory data
showed higher peak body temperature (BT), leukocyte count and C
reactive protein (CRP) in ALA cases (Table 2) and perforative
peritonitis cases (data not shown) compared with colitis cases,
indicating that high fever, leukocytosis and high CRP could be the
signs of extraluminal amebiasis. It is reported that high fever and
leukocytosis are also common in ALA patients free of HIV-1
infection, though both parameters were unusually associated with
simple amebic colitis [23]. In ALA cases, however, leukocyte count
correlated positively' with CD4 count (data not shown in tables:
Pearson product-moment correlation coefficient 0.36, p value 0.004)
and negatively with HIV-RNA load (Pearson product-moment
correlation coefficient -0.28, p value 0.03), but CRP correlated
neither with CD4 count nor HIV-RNA load (CRP-CD4, p=0.81,
CRP-HIV-RNA, p=0.32). There were also no correlations
between CD4 count, HIV-RNA load, BT, leukocyte count or
CRP and abscess size or number.

All patients were treated with metronidazole (750 mg t. i. d. for
10 days) for IA, with the exception of two who were treated with
tinidazole (2 g q. d. for 3 days). Complete remission of all IA
symptoms was observed in 165 patients including the two treated
with tinidazole. Five cases died within six months after diagnosis of
IA; two from complications related to amebic colitis (one
peritoneal perforation and one gastrointestinal bleeding), one
from malignant lymphoma, one from Preumocystis jirovecii pneu-
monia, and one from pulmonary thrombosis. The overall
mortality rate was 3% in this study, which was comparable to
those reported in non-HIV cases [2,23].

Recurrence after treatment

Luminal agents; paromomycin and diloxanide, are not approved
in Japan, and they were not always available in our facility during
the study period. After completion of IA treatment with
metronidazole or tinidazole, luminal agents were administered
when available. Consequently, 83 cases were treated with luminal
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Table 1. Patient demographics, state of HIV, and serological markers.

Colitis (n=102)"

ALA (n=63)?

Perianal abscess

(n=5)> All (n=170) P value®

102 (100) 63 (100)

Male sex (%)

16 (15.7) 9 (14.3)
4.60 [3.89-5.32]

18 (17.6) 1(17.5)

HBV exposure (%) 59 (57.8) 41 (65.1)

31 case of colitis is included as co-existing diseases.

HBc-Ab positive.
doi:10.1371/journal. pntd.0001318.t001

agents; 38 cases with promomycin (500 mg t. i. d. for 10 days) and
45 cases with diloxanide furoate (500 mg t. i. d. for 10 days). No
significant differences were seen in patients’ characteristics,

Table 2. Clinical features of amoebic colitis and ALA.

Colitis (n=102) ALA (n=63) P value

‘ VDlarrhea (%) 71/102 (69.6) 29/63 (46.0)

Abdominal pain (%) 23/102 35/63 (55.6)

/102

39.0 [38.8-39.5] <0.001

Peak BT (°C) IQRI®

CRP (mg/dl) QR <0.001

= 5 times/day (%)

= 11 times (%) 12/101 (11.9) -

Location of abscess®

Left lobe only

Number of abscesses’
| 45062 (7268)
17/62 (27.4)

Multiple (%) -

"Data of ane case were not available.

2Data of two cases were not available.

3Data are median [interquartile range: IQR] or number (percentage) of patients.
BT: body temperature, WBC: White Blood Cell counts, CRP: C reactive protein.

doi:10.1371/journal.pntd.0001318.t002
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4.66 [3.91-5.11] 5.04

Data are median [interquartile range: IQR] or number (percentage) of patients.
'5 cases of perforative peritonitis are included as co-existing diseases. Four cases were diagnosed coincidentally by colonoscopy in asymptomatic patients.
231 cases of colitis, 1 case of perianal abscess, 9 cases of pleuritis, and 2 cases of peritonitis are included as co-existing diseases.

“Chi-square test or non-parametric test was performed for data of colitis and ALA.
UD:; undetectable, ART: anti-retroviral therapy, TPHA test: Treponema pallidum Hemagglutination Assay test, HBV exposure: HBsAg-positive or HBsAb-positive, and/or

5 (100)

170 (100) -

1 (20.0) 26 (15.3) 0.81

4.66 [3.93-5.28] 0.70

1 (20.0) 30 (17.6) 098

2 (40.0) 102 (60.0} 036

including HIV-1-induced immunocompromised status, serological
markers of other STD, and clinical forms and severity of amebiasis
between the 83 cases with luminal treatment and 82 cases who did
not receive such treatment (Table S1). The median follow-up period
after completion of metronidazole or tinidazole treatment was 50
months (inter quartile range: 19-85) in those who received luminal
treatment, and 43 months (inter quartile range: 23-98) in those
without.

Within the 12-month post-metronidazole treatment period,
recurrence of IA was noted in only two patients who did not
receive luminal treatment, suggesting reactivation of residual cysts
of E. histolytica (Figure 1). However, during the entire follow-up
period, six in each group experienced recurrence of IA, with no
significant difference in the recurrence frequency by the log-rank
chi-square test. Multivariate analysis showed that recurrence did
not correlate with past history of IA, CD4 count, TPHA, HBV
exposure (HBs antigen-positive or HBs antibody-positive), or the
presence of extraluminal IA disease (Table 3). However, a positive
HCV antibody was significantly associated with IA recurrence.
Recurrence also tended to occur in those who acquired new
syphilis infection during the follow-up period, though the
difference did not reach statistical significance.

Genotypes of E. histolytica

Genotyping of E. histolytica was performed in samples obtained
from 14 patients between December 2009 and March 2010
(colitis, n=8; ALA, n=4; colitis and ALA, n=1; and perianal
abscess, n=1; Table $2). Eleven different genotypes were
recognized, including five genotypes (J8, J12, J13, J20, and J23)
identified previously in Japan [22], and six newly recognized
genotypes (J24-J29). There was no significant relation between E.
hustolytica genotype and clinical presentation.

Discussion

In the present study, retrospective analysis of the medical
records of 170 patients with HIV-l-infection and IA showed no

September 2011 | Volume 5 | Issue 9 | 1318

-202-



0.20¢

Co-Infection of Ameba and HIV

e Jyminal treatment (+)
g 0.18f .
£ luminal treatment (-)
= 0.16f
g
<
Z o010}
P
W
£ 0.08f
=
e L
= 0.06
-
O 0.04}
0.02¢ :
luminal | o P : *

, follow up

treatment 0 12 24 36 48
(+) 83 68 38 33 45

60 72 84 96 108 120 132 144 156 168 180 (month)
34 30 25

15 8 6 4 2 1 0 0 numberof

() 82 70 59 47 39

34 26 24 21 19

12 7 2 1 1 0 patients

Figure 1. Kaplan-Meier estimates of time to IA recurrence. Cumulative probability of IA recurrence after completion of metronidazole or

tinidazole treatment with or without subsequent luminal treatment.
doi:10.1371/journal.pntd.0001318.g001

impact for HIV-l-induced immunocompromised status on the
clinical forms of amebiasis. The physical and laboratory findings
showed that high fever, leukocytosis and high CRP correlated with
extraluminal diseases of amebiasis. In ALA cases, however,
leukocyte count correlated positively with CD4 count and
negatively with HIV-RNA load, indicating that CRP is more
sensitive marker for the detection of the extraluminal diseases in
advanced immunocompromised patients.

Only five patients died after the diagnosis of IA; two from TA
complications and three from other causes. The results indicate

excellent outcome for HIV-1-infected individuals with uncompli-
cated amebiasis treated with metronidazole or tinidazole, in
agreement with previous reports on HIV and non-HIV cases
[2,11,12,20,23]. Based on conventional wisdom and written
opinion, adequate management of IA should include treatment
with a luminal agent following metronidazole or tinidazole
treatment, in order to eradicate residual cysts of E. histobytica due
to the high rate (40-60%) of luminal colonization [2,23-27]. On
the other hand, the results of longitudinal observational studies
indicated that asymptomatic cyst carriers rarely develop IA, and

Table 3. Multivariate analyses for factors associated with frequency of recurrence.

No recurrence

CD4 counts <200% (%) 57 (37.3)

HBV exposure? (36)

66 (43.1)

Syphilis during follow-up period (%) 33 (21.6)

Recurrence (n=12) Hazard ratio (95.0% Cl) P value

3 (25.0) 0.385 (0.101-1.470)

4(33.3)

0.559 (0.163-1.921)

7 (58.3) 3.332 (0.961-11.547)

2Status at diagnosis of IA.
doi:10.1371/journal.pntd.0001318.t003
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'Five patients died within 6 months from disease onset and their data were excluded from analysis.
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