that cyst form ameba often disappears spontaneously without any
treatment [28,29]. There is controversy about the need for cyst
eradication following metronidazole or tinidazole treatment,
especially in endemic areas where re-infection is frequent. In this
study, recurrence of IA within the first year of metronidazole
treatment was noted in only two patients of 82 patients who did
not receive luminal therapy. Moreover, long-term follow-up
indicated IA recurrence also in those who received luminal
agents, and the benefits obtained from luminal treatment seemed
to have disappeared. IA recurred more frequently in those with
HCV infection, which was recently reported to be transmittable
sexually among MSM [30], and in those who acquired new
syphilis infection during the follow-up period, suggesting that
sexually active MSM tend to experience IA recurrence due to re-
acquisition of new E. histolytica infection. HBV exposure and
positive TPHA at IA diagnosis did not correlate with IA
recurrence probably because the high prevalence of these two
parameters in this study masked the difference between recurrence
and non-recurrence cases. Educational approach for safer sex may
be more appropriate rather than luminal treatment to prevent IA
recurrence after treatment.

Eleven genetic strains of E. histolytica were identified in this study
and none of them had been reported so far from geographic areas
other than Japan [21,22,31,32], indicating that diverse Japan-
specific isolates of E. histolytica are already prevalent among MSM
in Japan. In fact, the E. fustolytica seropositivity rate in HIV-1-
infected MSM in our clinic was as high as 17.9% in 2009
(unpublished data), which is comparable with the seropositivity
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rate in Japanese MSM reported more than 20 years ago [5].
Unfortunately, we could not compare the genotypes of E. kistolytica
between the incidences of the primary and recurrent IA within the
same individuals due to the lack of appropriate stocked samples,
which would have probably demonstrated acquisition of new
infection.

Considered together, the results emphasize the difficulty of
preventing IA recurrence without educational approach to prevent
new amebic infection even after successful IA treatment in the
high risk groups such as HIV-1-infected MSM. The spread of E.
histolytica in MSM of other developed countries beyond Asia should
be of great concern.
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Objectives: Drug resistance in parasitic protozoa is an obstacle to successful chemotherapy. Understanding
how pathogens respond to drugs is crucial in preventing resistance. Previously, we have shown that in
Entamoeba histolytica, methionine y-lyase (EhMGL) downregulation results in trifluoromethionine resistance.
The transcriptional response, however, of this parasite to the drug is not known. In this study, we used micro-
array analysis to determine whether additional genes are involved.

Methods: The expression profiles of 9230 genes in wild-type and trifluoromethionine-resistant strains were
compared. Episomal overexpression of EhBspAl was performed to verify its role in trifluoromethionine resist-
ance. The transcriptomes of a trifluoromethionine-resistant strain cultured with or without trifluoromethionine,
an EhMGL gene-silenced strain, a strain with reduced susceptibility to metronidazole and @ wild-type strain
under cysteine-deprived conditions were compared to determine the specificity of the changes observed in
the trifluoromethionine-resistant strain.

Results: The expression of 35 genes differed at least 3-fold between trifluoromethionine-resistant and wild-
type strains. Some of the genes play roles in metabolism, the stress response and gene requlation. EAMGL
and EnBspAl were found to be highly downregulated and upregulated, respectively. Overexpression of
EhBspAl conferred partial resistance to trifluoromethionine. Comparative transcriptorme analysis showed
that genes modulated in trifluoromethionine-resistant strains were specific.

Conclusions: £. histolytica has few known resistance mechanisms against drugs. In this study, we showed that
aside from EAMGL downregulation, induction of EhBspA1 plays a role in trifluoromethionine resistance. We also
showed a unique set of induced genes that could represent the signature profile of trifluoromethionine resist-

ance in E. histolytica.

Keywords: microarray, methionine ~-lyase, leucine-rich repeat BspA protein

Introduction

Parasitic diseases in man can be controlled, at least in part, by
chemotherapeutic drugs. How long this situation will last,
however, is a matter for conjecture since drug resistance is be-
coming an increasing problem.’™* Drug resistance occurs in
parasitic protozoans by various mechanisms;*™ % in Entamoeba
histolytica, the causative agent of amoebic dysentery and liver
abscess,'’ in vitro studies with emetine and metronidazole
have led to the recognition of some basic mechanisms by

which E. histolytica becomes resistant to these drugs.®~'% A
common mechanism is the efflux system where toxic sub-
stances are extruded through specific pumps.® %2 This mechan-
ism is thought to be operative in E. histolytica resistant to
emetine, where multiple P-glycoprotein genes encoding putative
transmembrane channels were shown to have increased expres-
sion.>'? Metronidazole resistance, on the other hand, has been
associated with increased expression of iron-containing super-
oxide dismutase and peroxiredoxin, and decreased expression
of flavin reductase and ferredoxin 1.%7% Currently, metronidazole

3 The Author 2011. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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is still the drug of choice against amoebic infections,'® but in the
event that clinical resistance to this drug becomes prevalent, the
lack of an alternative drug would cause major health problems in
endemic areas.

Trifluoromethionine (S-trifluoromethyl-L-homocysteine) is a
halogenated methionine analogue, previously reported to exert
antimicrobial activity against anaerobic bacteria and parasitic
protozoa such as E. histolytica and Trichomonas vaginalis.**~*#
Inside the cell, trifluoromethionine is catabolized by methionine
vy-lyase (EC 4.4.1.11, EhMGL1/2) into a-keto butyrate, ammonia
and trifluoromethanethiol. The last product is unstable under
physiological conditions and non-enzymatically converted to car-
bonothionic difluoride, a potent cross-linker of primary amine
groups, by which triflucromethionine exerts it toxic effects.’” In
2010, Sato et al.,'* reported the superior cytotoxic effect of tri-
fluoromethionine compared with metronidazole, and that a
single administration of trifluoromethionine effectively prevented
the formation of amoebic liver abscess in a rodent model.
Previously, however, we reported that E. histolytica has the
capacity to develop resistance against the drug in vitro, and
that resistance was associated with EAMGL repression. !?

DNA microarray technology is a powerful tool that can probe
the genome on high-density microarrays and analyse the expres-
sion profiles of thousands of genes simultaneously.’®~#? To
further understand the nature of resistance to trifluoromethio-
nine, we used c¢DNA microarray technology to examine the
MRNA expression of trifluoromethionine-resistant (TFMR) isogen-
ic strains. We compared the results with the transcriptome of
TFMR cells cultured in the absence of the drug, with strains tar-
geted for EhMGL gene silencing, those selected for metronidazole
resistance and those cultured in cysteine-deprived medium; we
observed the specific regulation of a set of genes that may
represent a signature profile of trifluoromethionine resistance.

Materials and methods

Chemicals, reagents, and drugs

Trifluoromethionine  was produced as described previously.'*'*
Metronidazole, i-cysteine, anti-HA-agarose and  E-64  (trans-
epoxysuccinyl-t-leucylamido-[4-guanidinolbutane) were purchased from
Sigma- Aldrich (St. Louis, MO, USA). TRIzol Reagent, SuperScript I1I First-
Strand Synthesis System, PLUS reagent, Lipofectamine and geneticin
(G418) were acquired from Invitrogen (Carlsbad, CA, USA). All other che-
micals were obtained from Wako Pure Chemical (Osaka, Japan) unless
otherwise stated. Trifluoromethionine and metronidazole were dissolved
in DMSO to a stock concentration of 200 mM and 100 mM, respectively,
and stored at -30°C. .

Parasites and cultivation

E. histolytica strains HM-1:IMSS clé (HM-1) and G3, kindly given by David
Mirelman, Weisman Institute, Israel, were cultured axenically in BI-S-33
medium for 48-72h at 35.5°C in 13 mmx100 mm Pyrex screw cap
culture tubes or 25 cm? tissue culture flasks (#152094, Nunc, Roskilde,
Denmark).?®> Generation and cultivation of TFMR in the presence or
absence of trifluoromnethionine (EhMGL1gs and EhMGL2gs) were as previ-
ously described.'® Isogenic cells with reduced susceptibility to 8 uM
metronidazole were selected following the method outlined by Wass-
mann et al.” Trophozoites grown under cysteine-deprived conditions
were cultured in BI-S-33 medium without 8 mM t-cysteine supplementa-
tion for 24 h as previously described.”

RNA isolation

Cells cultured in 25 cm? tissue culture flasks were harvested by replacing
the spent medium with 10 mL of PBS, pH 7.2, followed by incubation on
ice for 10 min. Cell suspension was centrifuged at 500xg for 5 min at 4°C
and the pellet washed thrice with PBS. Total RNA was extracted with
TRIzol Reagent according to the manufacturer’s instructions, cleaned
with an RNeasy kit (Qiagen, Germany) and assessed for quality with
the Experion automated electrophoresis system and Experion RNA
StdSens analysis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). RNA
quantity was determined by measuring the absorbance at 260 nm
with a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA).

Microarray hybridization

Samples from three independent RNA extractions were processed
according to standard protocols and by using kits specified in the Affyme-
trix GeneChip Expression Analysis Technical Manual (P/N 702232 Rev.
3).”% Briefly, 5 g of RNA was reverse transcribed to ¢cDNA and used to
synthesize biotin-labelled cRNA. After purification, cRNA was fragmented
and hybridized onto a probe array chip (Eh_Eia520620F) that was custom
made by Affymetrix (Santa Clara, CA, USA).”*® Following hybridization,
arrays were washed and stained with streptavidin/phycoerythrin (Molecu-
lar Probes, Eugene, OR, USA) using an Affymetrix GeneChip Fluidics
Station 450. Arrays were scanned with an Affymetrix GeneChip Scanner
3000 at 570 nm. Each array image was visually screened to discard
signal artifacts, scratches and debris.

The microarray used in this study was tailored based on information
mined from the E. histolytica and Entamoeba invadens sequences stored
at the TIGR and Pathema databases. 1t contained 9230 probe sets for E.
histolytica and an additional 25 and 81 control probe sets for Entamoeba
and Affymetrix, respectively. Nomenclature for the IDs was based
on whether the probe set is unique to either TIGR {e.g. 12.m00345)
or Pathema (EHI_123456), or is found in both databases
(98.m00765_234567). Probe sets labelled with ‘_at’ represent a single
gene, while those labelled ‘_s_at’ represent probe sets that share all
probes identically with at least two sequences. The ‘_s_at’ probe sets re-
present highly similar transcripts, shorter forms of alternatively polyade-
nylated transcripts, or common regions in the 3’ ends of multiple
alternative splice forms. Probe sets labeled *_x_at’, on the other hand, re-
present probe sets where it was not possible to select either a unique
probe set or a probe set with identical probes among multiple transcripts.
Rules for cross-hybridization were excluded in order to design ‘ x_at’
probe sets, therefore these probe sets could cross-hybridize with other
genes in an unpredictable manner.””

Data normalization and analysis

Raw probe intensities were generated by the GeneChip Operating Soft-
ware (GCOS) and a GeneTitan Instrument. The resulting expression
values were analysed by Genespring GX 10.0.2 to identify differentially
expressed genes. Only genes that were considered ‘present’ by GCOS
in at least two arrays were used in further analysis. Correlation coeffi-
cients were calculated in Genespring using standard correlation. Probe
sets were considered differentially expressed between HM-1 and TFMR
if they had at least a 3-fold change and P value <0.05, calculated
using Welch’s t-test, after multiple test correction by the Benjomini-
Hochberg method. A post-hoc test using Tukey’s Honestly Significant
Difference test was conducted to determine significant differences
between samples.

Deduced amino acid sequences of differentially expressed genes were
searched against GenBank by using BLAST.*® Matches against hypothet-
ical proteins with E-value <1077* for BLASTP were considered as putative
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orthologues.?® GO annotations were mined from the Gene Ontology An-
notation Database, while the genomic location of each gene was
obtained from Pathema-Entamoeba.> Transmembrane domain predic-
tion was performed using the following online servers: HMMTOP,*?
SOSUL?*® TMHMM,* TopPred,*® TMpred*® and Phobius.*” Signal peptide
sequences were predicted using SignalP,*® SOSUIsignal®® and
Phobius.*” Putative transmembrane domains and signal peptides were
considered valid only if positive hits were found in all servers used. Heat-
maps were made using Heatmap Builder*® while Venn diagrams were
constructed using Venn Diagram Generator.*

Data deposition

The microarray data reported in this paper has been deposited in the
Gene Expression Omnibus (GEO) database™ with accession number
GSE32314.

Quantitative real-time PCR (qQRT-PCR)

Total RNA extracted for the microarray was used for qRT-PCR. The
synthesis of cDNA was performed using the SuperScript 111 First-Strand
Synthesis System according to the manufacturer's instructions. The
¢DNA synthesis was completed on a DNA Engine Peltier Thermal Cycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The Fast SYBR Green
Master Mix (Applied Biosystems, Foster City, CA, USA) was used for
gRT~PCR in accordance with the manufacturer’s instructions. The list of
genes whose expression was verified by gRT-PCR is in Table S1, and
includes a housekeeping gene, RNA polymerase II (ERRNAPLL), as a
control. Each PCR reaction contained 5 L (1:50 dilution) of cDNA and
15 L of primer mix, composed of 10 pL of 2x Fast SYBR Green Master
Mix, sense and antisense primers and nuclease-free water, to bring the
volume to 20 pL. qRT-PCR was performed using a StepOne Plus Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA) 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 along with a blank control consisting of
nuclease-free water in place of cDNA. Quantification for each target
gene was determined by the AACt method with EhRNAPIL as the refer-
ence gene.

Generation of transgenic amoeba overexpressing
EhBspA1l

Full-length EhBspAl was amplified from TFMR cDNA with sense and
antisense primers containing appropriate restriction sites (Table S1).
After purification the gene was inserted into an expression plasmid,
pEREX, as previously described.“* The plasmid was introduced
into the G3 strain by lipofection, with minor modifications as previously
described.* Briefly, 5x10° cells suspended in 5mL of supplemented
Opti-MEM medium were seeded into a well in a 12-well plate
and incubated under anaerobic condition at 35.5°C for 30 min. Follow-
ing incubation, 4.5 mL of medium from each well was removed and
500 L of liposome/plasmid mixture (5 pg 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 15 min, then 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 initially selected in the presence of 1 pg/mL G418 and drug con-
centration was gradually increased to 20 wg/mL over the following four
weeks before the transformants were analysed.

Immunoblot analysis

Total protein (30 ng) was separated in 12% (w/v) SDS-polyacrylamide gel
under reducing conditions and subsequently electrotransferred onto
nitrocellulose membranes (Hybond-C Extra; Amersham Biosciences,
Little Chalfont, Bucks, United Kingdom). Membranes were blocked by in-
cubation in 5% non-fat dried milk (BD, Le Pnt de Claix, France) in TRST
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl and 0.05% Tween 20) for 1.5 h.
Blots were reacted with 1:1000 diluted anti-HA mouse menoclonal anti-
body (Clone 16B12) (Covance, Berkeley, CA, USA) for 1 h. The membranes
were washed with TBST and further reacted with 1:1000 alkaline
phosphatase-conjugated anti-mouse 1gG  antibody (New England
Biolabs, Beverly, MA, USA) for 1 h. After further washings with TBST, spe-
cific proteins were visualized with an alkaline phosphatase conjugate
substrate kit (Bio-Rad, Hercules, CA, USA) and scanned with an Image-
Scanner (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The
experiments were repeated in triplicate with protein isolated from two
independent extractions.

Measurement of E. histolytica adhesion

Trophozoites in exponential growth phase were harvested, washed with
cold PBS, and centrifuged at 500xg for 5 min at 4°C. The plate adhesion
assay was performed as previously described.’® Briefly, approximately
1x10° trophozoites were seeded into a well of a 96-well plate coated
with either human fibronectin (BD BioCoat Cell Environment; 8D
Biosciences, San Joe, CA, USA) or collagen type I (SigmaScreen;
Sigma-Aldrich, St Louis, MO, USA), and incubated under anaerobic condi-
tions using Anaerocult A (Merck, Darmstadt, Germany) for up to 40 min
at 35.5°C. The medium was removed and non-adherent cells were
gently washed twice with PBS warmed to 35.5°C. Adherent cells were
fixed with 40 mg/mL paraformaldehyde (TAAB Laboratories, Aldermas-
ton, 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 20 mg/mL SDS and the absorbance measured at 660 nm
using @ DU 530 Spectrophotometer (Beckman Coulter, Fullerton, CA,
USA).

Immunofluorescence assay

To determine the subcellular location of EhBspA1, transfected amoebae
were processed- for an indirect immunofluorescence assay. Briefly,
amoebae in 6 mL of confluent culture were incubated on ice for
10min, concentrated by centrifugation at 500xg for 5min and
spotted onto an 8 mm well of a glass slide (Wheaton Science Products,
Millville, NJ, USA}. After incubation at 35.5°C for 15 min, spent medium
was removed, and cells were washed with PBS and fixed with 40 mg/
mL paraformaldehyde (TAAB Laboratories, Berks, England) for 10 min.
Following a further PBS wash, cells were permeabilized and blocked
with 0.2% (w/v) saponin in 1% (w/v) BSA in PBS for 10 min, and incubated
with 1:1000 monoclonal anti-HA antibody for 1 h. After a PBS wash, cells
were reacted with 1:1000 anti-mouse IgG conjugated with Alexa Fluor
488 (Invitrogen, Carlsbad, CA, USA) for 1 h, washed again with PBS and
prepared for confocal microscopy, as previously described.”*“

Flow cytometry

Transformants for fluorescence-activated cell sorting (FACS) analysis
were processed as described in the immunofluorescence assay, except
that all procedures were performed in 1.5 mL tubes. A FACS Calibur
cytormeter (Becton Dickinson, San Jose, CA, USA) was used to run and
analyse the samples, as previously described.*
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Immunoprecipitation

Confluent cultures of EhBspAl-HA and pEhEx control transformants
maintained with 20 pg/mL G418 were harvested by centrifugation at
500xg for 5 min. Cells were washed twice with cold PBS and 1 mL of
lysis buffer [SO mM Tris-HCl, pH 7.5, 150 mM Na(l, 0.5% Triton-X 100,
5% glycerol, complete mini EDTA-free protease inhibitor cocktail (Roche
Molecular Biochemicals, Mannheim, Germany) and 200 mM E-64] was
added. Cell suspensions were subjected to three freeze-thaw cycles, fol-
lowed by centrifugation at 12000xg for 20 min. Protein (5 wg) was
mixed with 50 L of 50% anti-HA-agarose and incubated at 4°C over-
night with mild rotation. Agarose beads were collected by centrifugation
at 500xg for 3 min and washed four times with 1 mL of lysis buffer at
4°C with rotation for 10 min per wash. HA peptide (60 pL, 400 pg/mL)
was added followed by incubation at room temperature for 2 h. Beads
and eluate were collected by centrifugation and analysed by SDS-PAGE
and immunoblot. Silver staining was performed with a Silver Stain MS
Kit according to the manufacturer’s instructions.

Results and discussion

Differentially expressed genes in TFMR

The emergence of drug resistance poses a significant obstacle to
the success of chemotherapy. In parasitic protozoa, the mechan-
isms behind the development of resistance are not clearly under-
stood and may arise from a plethora of genetic alterations
during repeated exposure to a drug. Previously we have shown
that in E. histolytica trifluoromethionine resistance results from
EAMGL repression.’” Complete gene inactivation, however, likely
does not occur suddenly in situ, but develops progressively
after continuous exposure to permissive concentrations of a
drug. During this time, it is reasoncble to assume that a
number of processes occur concomitant with ERMGL repression.

To identify other potential genes associated with trifluoro-
methionine resistance, expression changes in TFMR were ana-
tysed by a whole-genome cDNA microarray. The relative ratio
of mRNA abundance of 9230 genes (~95% of all annotated
amoebic genes) between TFMR and HM-1 was examined for dif-
ferential expression. Only a limited number of genes showed
3-fold or higher changes in TFMR (63 probe sets; Figure 1,
Table S2). The list of genes was narrowed further to 35 (<1.0%
of probe sets used) after the removal of redundant genes,
probe sets labelled with *_x_at’ and NCBI entries considered
obsolete after standard genome annotation processing.

Twenty-three of the genes were upregulated, while 12 genes
were downregulated (Tables 1 and 2). The most upregulated
gene was a member of the leucine-rich repeat (LRR) protein
family, designated EhBspAl (EHI_015120) in this study, which
was upregulated 527-fold. Genes encoding tyrosine kinase
(EHI_070110), zinc finger protein (EHI_176800), and two hypo-
thetical proteins (EHI_127670 and EHI_092110) were also upre-
qulated by at least 25-fold. The most downregulated genes were
ERMGLT (EHI_144610) and EARMGL2 (EHI_142250), which had
changes of 195-fold and 172-fold, respectively. An EF-hand
calcium-binding domain-containing protein (EHI_151890) was
also downregulated by more than 25-fold. These results
support the idea that drug resistance requires the regulation
and concerted action of a small number of amoeba proteins,
and that genes other than EhMGL play roles, albeit not directly,
in triflucromethionine resistance.

P-value -logyq

4 6 8 10
Fold change log,

Figure 1. Volcano plot of the differentially expressed genes in TFMR.

X-axis is the log, ratio of gene expression between TFMR and HM-1;

y-axis is -logyy - of the adjusted P value. Red dots represent

differentially expressed genes satisfying P<0.05 and >3-fold

expression difference. This figure appears in colour in the online version
of JAC and in black and white in the printed version of JAC.

Comparison with TFMR cultured without
trifluoromethionine

Previously, we have shown that long-term culture of TFMR strains
in the absence of trifluoromethionine, des;gnuted TFMR(-), failed
to restore the susceptible phenotype.’® To determine which of
the modulated genes in TFMR were truly important in drug resist-
ance, we compared its transcriptome with that of TFMR(—). We
found the same genes to be differentially regulated, with the ex-
ception of the amino acid transporter (EHI_190460) and DnaJ
family protein (EHI_183280), which were not significantly modu-
lated in TFMR(—) (Figure 2b). This is further evidence that genes
listed in Tables 1 and 2 have definite roles in trifluoromethionine
resistance. The return to steady-state levels of DnaJ and amino
acid transporter, however, is understandable because removal
of drug pressure is assumed to alleviate stress. It is possible
that trifluoromethionine caused the repression of the promoters
of these genes and that its removal caused the return of their
expression to HM-1 levels. The possible roles of these two
genes in trifluoromethionine resistance are discussed below.
Currently, it is not known why more genes were modulated in
TFMR(—) (Figure 2a).

Confirmation of differential gene expression by qRT-PCR

Microarray results must be validated by an alternative and
complementary gene expression profiling method, and gRT-
PCR is the most commonly used technology for this purpose.
Figure 3(a) shows a comparison of the differential gene expres-
sion for 12 representative genes, with RNA polymerase 11 as ref-
erence. The correlation between microarray and qRT-PCR results
demonstrates a reasonable degree of similarity in the pattern of
expression for the genes selected for this comparison (R?=0.8)
(Figure 3b).
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Table 1. Genes upregulated in TFMR

Probe set ID NCBI RefSeq Gene name P value Fold-change
EHI_015120 at XM_643740.2 Leucine rich repeat protein, BspA family 6.1E-09 527
EHI_127670_at XM_644313.2 Hypothetical protein 4.6E-08 73
EHI_092110_at XM_649471.1 Hypothetical protein 1.1E-05 35
EHI_070110_at XM_643743.1 Tyrosine kinase, putative 1.3E-06 30
EHI_176800_at XM_644747.1 Zinc finger protein, putative 7.9E-05 25
EHI_070120_at XM_643742.1 Myotubularin, putative 1.8E-05 18
EHI_092100_at XM_649470.1 Chitinase, putative 4.1E-05 7
EHI_119510_at XM_646380.1 Hypothetical protein 1.5E-02 5
EHI_045340_s_at XM_648481.2 Glutamate synthase beta subunit, putative 1.3E-03 4
EHI_073480_at XM_651584.1 ADP-ribosylation factor, putative 9.4E-03 4
EHI_062740_at XM_645458.1 Hypothetical protein 1.6E-02 4
EHI_067090_at XM_643754.2 Hypothetical protein 1.9E-05 3
EHI_117580_at XM_646500.1 Hypothetical protein 6.1E-04 3
EHI_039590_at XM_643902.1 O-acyltransferase 6.7€-05 3
EHI_114660_at XM_645242.1 DENN domain-containing protein 2D 1.9€-03 3
EHI_121470_at XM_643356.1 DNA methyltransferase, putative 2.6E-03 3
EHI_118410_at XM_644811.1 Tyrosine kinase, putative 6.6E-03 3
EHI_150420_at XM_650731.1 Hypothetical protein 7.1E-03 3
EHI_127710_s at XM_644310.2 Leucine rich repeat protein, BspA family 4.8E-04 3
EHI_114650_at XM_645241.2 Hypothetical protein 1.8€-03 3
EHI_021570_at XM_644909.1 Serine acetyltransferase 1 1.98-03 3
EHI_166820_at XM_645437.1 Ulp1 protease family protein 5.0E-03 3
EH1_130860_at XM_650451.2 Longevity-assurance family protein 3.6E-03 3
Table 2. Genes downregulated in TFMR

Probe set ID NCBI RefSeq Gene name P value Fold change
EH1 144610_at XM_647004.2 Methionine gamma-lyase 3.4E-06 195
EHI_142250_at XM_643714.1 Methionine gamma-lyase 7.1E-06 172
EHI_151890_at XM_652298.1 EF-hand calcium-binding domain containing protein 3.2E-06 62
EHI_103470_at XM_647325.1 Hypothetical protein 1.0E-03 7
EHI 031640 _at XM_648447.2 Sulfotransferase 2.2E-04 6
EHI_155630_at XM_650686.2 Hypothetical protein 5.1E-04 3
EHI_088600_s_at XM_001914535.1 Ribosomal protein $30, putative 3.1E-02 3
EHI_075640_at XM_001914030.1 Phosphatase domain-containing protein 8.7E-04 3
EHI_183280_at XM_650378.2 DnaJ family protein 3.4E-03 3
EHI_195250_at XM_643195.1 AlG1 family protein 3.4E-03 3
EHI_005030_at XM_647743.1 Hypothetical protein 1.9E-04 3
EHI_190460_at XM_646352.1 Amino acid transporter, putative 1.2E-02 3

Functional analysis

Based on GO annotations, the open reading frames (ORFs) of the
identified genes encode proteins potentially involved in metabol-
ism, signalling, vesicular trafficking and gene regulation
(Table S3). Some genes, however, are without GO annotations,
such as the two LRR BspA genes and a number of hypothetical
proteins. While the GO annotations may be applicable for a
variety of processes, genes in the same annotations may be
the ones most essential in allowing cells to survive during
the initial drug treatment. The functional significance of
these changes and their relationship to the response to

trifluoromethionine can only be explained by taking into
account the relevant roles that they play in the control of key
gene functions, such as metabolism and signal transduction.
Very few of the differentially expressed genes encode poten-
tial membrane proteins. Only 9 (26%) of the genes contained
1 to 12 transmembrane domains (Table S4). Seven of these
were upregulated while two were downregulated. Two genes
presumably encode proteins with tyrosine kinase activity, while
one encodes an amino acid transporter. Proteins encoded by
five genes have predicted signal peptides (Table S4), while two
additional genes are predicted to encode proteins with signal
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peptides but without transmembrane domains (chitinase,
EHI_092100; hypothetical protein, EHI_117580).

When we examined the genomic locations of these genes, we
found that most of the genes were encoded on different scaf-
folds, while eight genes formed pairs that occupied the same
contig (Table S5). Two pairs, however, were located on opposite
strands, but the members of each pair were regulated in the
same manner. Fold changes for pairs found on the some
strand were almost the same, while for those lying on opposite
strands, the difference in fold changes was as high as 24. The
distance between genes lying on the same strand was less
than 640 bases; it was therefore possible for these genes to
have the same regulatory elements.

Downregulation of EhMGL

ERMGL catalyses the single-step degradation of sulphur-
containing amino acids into ammonia, a-keto acids and volatile
thiols such as methanethiol.“® It has been implicated in the deg-
radation of trifluoromethionine in E. histolytica,'” and previously
we have shown that ENMGL repression results in trifluoromethio-
nine resistance.'® The differential expression of ERMGL1 and
EAMGL2 in this study confirms our previous report. While it is
assumed that EAMGL may not be essential in amoebae
growing in a nutrient-rich environment {which is why its repres-
sion was tolerated), its downregulation is not without conse-
quences. It is possible that complete lack of EAMGL activity
also leads to trifluoromethionine resistance indirectly through
its role in metabolism and growth. Without EAMGL activity,
TFMR strains lose one means of producing a-keto acids, i.e. pyru-
vate and butyrate, which are needed to form acetyl-CoA and
a-propionic acid. Lower concentrations of these compounds
would have an effect on energy production and growth.*’
While statistically comparable, the growth of TFMR strains is
slightly slower than that of HM-1 as previously reported, and
this growth defect is even more evident in the EhMGL gene-
silenced strains.’® This slower growth hints at the importance
of EAMGL, and, at the same time, may have been a survival strat-
egy, as discussed below.

Overexpression of EhBspAl

E. histolytica encodes a family of BspA-like surface proteins com-
posed of 75 members.*® In bacteria, these proteins are
expressed on the cell surface and promote adhesion to and inva-
sion of epithelial cells.“>*° In this study, two EhBspA genes were
upregulated in TFMR, one of which is not expressed in HM-1
(EHI_015120, designated EhBspAl in this study) based on
QRT-PCR and RT-PCR (Figure 3; Figure 4a). We took this as an in-
dication of its having an important role in trifluoromethionine re-
sistance. To test this hypothesis, we created and characterized
an EhBspAl overexpresser and identified its effector molecule.
The expression of EhBspAl was confirmed by immunoblot
against anti-HA antibody and gRT-PCR (Figure 4a and b). Im-
munofluorescence assay of the EhBspAl overexpressor showed
that it is localized in the cytoplasm (Figure 4c). This was verified
by cell fractionation followed by immunoblot (data not shown).
The results were consistent with its apparent lack of a trans-
membrane domain and signal peptide (Table S4). It was there-
fore not surprising that overexpression of the gene did not

(a)

TFMR (35) TFMR (35)

TEMR (-) (71) EhMGL1gs (5)

EhMGL2gs.(10)

TFMR (35)

i

MTZR (80) TEMR (35) Cys(-) (54)

Figure 2. (a) Venn diagrams showing the overlap of differentially
expressed genes in TFMR with TFMR(-), EhMGL1gs, EhMGL2gs, MTZR,
and Cys(-). (b) Comparative fold change analysis of differentially
expressed genes in TFMR to those of TFMR (), EhMGL1gs, EhRMGL2gs,
MTZR and Cys(-), indicates that the modulation of the genes was
specific to TFMR. Black dots indicate upregulated genes, while green
dots indicate downregulated genes. Dot diameter is proportional to
fold change. This figure appears in colour in the online version of JAC
and in black and white in the printed version of JAC.

increase the adhesive capacity of the transformant (Figure 4d).
In contrast, we previously showed that TFMR cells adhere more
strongly than HM-1.%%

EhBspAl was partially resistant to trifluoromethionine com-
pared with the pEhEx control (Figure 4e). ICsq values of the
drug against the EhBspAl overexpresser and the control were
25.1 uM and 13.8 1M, respectively. FACS analysis also showed
that there was an increase, albeit low, in signal intensity when
EhBspAl was exposed to trifluoromethionine (Figure Sla).
While the level of expression of EhBspAl in BspAl-HA was signifi-
cantly higher than with pEhEx-HA (Figure 4b), the mRNA concen-
tration we determined for TFMR was seven times greater
(Figure 3a). It is conceivable that the low level of resistance in
EhBspA1-HA compared with TFMR was partly due to the large dif-
ference in EhBspA1 expression. It should be noted, however, that
the partial drug resistance and increased signal intensity
observed in EhBspAl-HA was not due to a decrease in EhMGL ac-
tivity, as was determined by immunoblot using anti-EhMGL anti-
body (Figure S1b).

- A key feature of the BspA protein is a leucine-rich repeat (LRR)
motif known to mediate protein-protein interactions.”* The cap-
acity of LRR proteins to interact with many ligands enables them
to contribute to important cellular functions ranging from the
regulation of the cell cycle to protein trafficking and signal trans-
duction.>* Through immunoprecipitation, we identified S-phase
kinase-associated protein 1 (Skpl; EHI_134960) as the binding
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@®@® - - - « EHI 067090_at Hypothetical protein

®e . - - - EHL 117580_at  Hypothetical protein
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®@® - - @ EHI 118410_at Tyrosine kinase. putative
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®® - - - - EHL 176800_at  Zincfinger protein. putative

Figure 2. Continued.

protein of EhBspAl (Figure S1c). In yeasts, Skpl forms multiple
protein complexes implicated in cell division,” induction of
protective gene expression®” and multidrug resistance.”” It is
possible that overexpression of EhBspAl preceded the downre-
gulation of EAMGL, and was important during the early stages
of drug selection.

Genes involved in metabolism, stress and nucleic
acid binding

The generation time of TFMR strains is longer than that of
HM-1.° This phenotype may have resulted as a survival strategy
through alterations in the activity of the metabolic genes listed in
Tables 1 and 2. In cancer cells it has been shown that growth-
stimulated cells are more susceptible to drugs because they
have less time for DNA repair.”®>’ A longer generation time
would therefore be advantageous, as that would provide TFMR
with the opportunity to prevent or repair damage, and may
also allow more potent mechanisms of resistance to emerge
over time. This may be the reason behind the downregulation
of ribosomal protein S30 (EHI_088600) and sulfotransferase
(EHI_031640), the latter of which has been shown to be import-
ant in the activation of a range of compounds.”® The amino acid

transporter (EHI_190460) identified in this study could be a po-
tential transporter of trifluoromethionine.” Tt is possible that
the gene was downregulated to prevent trifluoromethionine
access to the cell, similarly to what has been seen in Trypano-
soma brucei, where a loss of function in the amino acid trans-
porter encoded by TbAAT6 resulted in eflornithine resistance.”
Dnal (EHI_183280) expression, on the other hand, is associated
with enhanced susceptibility to chemotherapeutics in ovarian
carcinoma,”® which might account for its downregulation in
TFMR.

The upregulation of chitinase (EHI_092100) might play a de-
fensive role during the early stages of drug selection, similarly to
S. cerevisige, which protects itself from the toxin of Kluyvero-
myces lactis through its chitinase activity, possibly by binding
to toxin or impairment of its uptake.*” It was also reported
that treatment of Candida albicans with chitinase resulted in
increased resistanice to amphotericin B.*' The precise relationship
of trifluoromethionine resistance and chitinase activity, however,
remains to be demonstrated.

Several genes implicated in stress response were also modu-
lated in TFMR. Glutamate synthase (EHL_045340; designated as
NADPH-dependent oxidoreductase 2) belongs to the family of
oxidoreductases, and in yeast its overexpression results in
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resistance to methionine sulfoximine and tabtoxin.®? In E. histo-
lytica the enzyme plays an important role in redox maintenance,
L-cysteine/L-cystine homeostasis, iron reduction and metronida-
zole activation.”® Protein degradation mediated by Ulpl
(EHI_166820), on the other hand, is recognized to be critical in
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Figure 3. (o) Validation by gRT-PCR of microarray results for 12
differentially expressed genes. (b) Correlations between microarray and
qRT-PCR fold changes of the selected genes indicate similar trend of
gene expression {R2=0.8).

the regulation of the cell cycle, transcription and signal transduc-
tion.®“®* Its upregulation indicates that a ubiquitin-dependent
proteolysis pathway was activated in response to trifluoro-
methionine, and suggests involvement of the ubiquitin-
proteasome system in drug resistance. The precise mechanism
by which protein degradation may affect drug resistance
remains to be determined. It is not clear how reduced prolifer-
ation occurs in the presence of these upreguloted metabolic
genes. It is likely that the effects of the repressed genes are
more important and hence led to the reduced growth rate.
Two genes whose products bind nucleic acids were upregu-
lated in TFMR. A zinc finger protein (EHI_176800) contains «
DNA-binding domain and functions as part of transcription
factor complex conferring DNA sequence specificity. In cancer
cells resistant to anticancer drugs, its levels are increased, sug-
gesting that it plays a role in cell survival.® Its overexpression
in TFMR cells might be related to drug resistance, but identifying
the relevant signalling mediators requires further investigation.
DNA methyltransferase (EHI_121470), on the other hand, cata-
tyses the transfer of a methyl group to DNA after replication,
and epigenetically contributes to transcriptional regulation.®’
The increase in DNA methyltransferase expression in TFMR sug-
gests that the differential expression of some of the proteins
identified in this work is regulated by an epigenetic mechanism.

Comparative transcriptome analysis

To determine whether the transcriptome profile we observed was
specific for TFMR, we compared it to those of the strains specif-
ically targeted to silence EhRMGL genes (EhMGL1gs and
EhMGL2gs), the strain selected for reduced susceptibility to
8 uM metronidazole (MTZR) and the strain grown under cysteine-
deprived conditions for 24 h [Cys(—)] (Figure 2a). The results indi-
cate that TFMR has a distinct signature profile (Figure 2b). Com-
parison between TFMR and EhMGLgs showed that only EAMGL1
and ERMGL2 were commonly repressed in all three strains,
except for a phosphatase domain-containing  protein
(EHI_085640), which was shared with ERMGL2gs. While all
three strains were resistant to trifluoromethionine, the small
number of genes they have in common indicates that the
mechanism by which EhMGL repression occurred and the accom-
panying changes in gene expression, are clearly different
between TFMR and EhMGLgs. It was also particularly striking
that the upregulation of EhBspAl occurred only in TFMR, confirm-
ing that it plays an important role in trifluoromethionine
resistance.

Similarly, only four differentially expressed genes in TFMR were
common to MTZR, and just two to Cys(—) (Figure 2b). It should be
noted, however, that while the fold changes in the gene

Figure 4. (a) Upper panel: upregulation of EhBspAl expression in TFMR. cDNA was reverse transcribed from 5 g of RNA and RT-PCR was performed
with EhBspA1-specific primers. Resolved products on 1.5% (w/v) agarose gel show that £hBspAl was not expressed in HM-1. Lower panel: total protein
of EhBspAl-HA and pEhEx-HA control transformants was separated on a 12% {(w/v) SDS-polyacrylamide gel, electrotransferred onto nitrocellulose
membranes, and reacted with anti-HA antibody. (b) Expression levels of EhBspAl in EhBspAl-HA and pEhEx-HA were determined by gRT-PCR. (c)
Immunofluorescence assay with anti-HA antibody indicates that EhBspAl is localized in the cytoplasm. Bar=10 um. (d) Colorimetric
determination of cells on coated plates shows no significant difference in adhesion between EhBspAl-HA and the pEhEx-HA control. (e) Dose
concentration-response curve of trifluoromethionine against EhBspAl-HA overexpressing and pEhEx control strains. £hBspAl-HA was partially
resistant to trifluoromethionine with an ICsy of 25.1 pM compared with 13.8 uM in the pEhEx control. This figure appears in colour in the online

version of JAC and in black and white in the printed version of JAC.
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expression were comparable between the strains examined, their
regulation was not always the same. Glutamate synthase
(NADPH-dependent oxidoreductase) was upregulated in TFMR,
while it was downregulated in MTZR and Cys(-). Downregulation
of the enzyme in MTZR was expected because glutamate syn-
thase has been implicated in the activation of metronidazole in
E. histolytica.® The lack of significant overlap between modu-
lated genes in TFMR and MTZR was not surprising because the
mode of action of trifluoromethionine and metronidazole is
different.® =817 previously we showed that TFMR is not cross-
resistant to metronidazole.'® Since MTZR only showed reduced
susceptibility to metronidazole, it is unlikely that major mechan-
isms responsible for resistance were already established in the
strain. TFMR and MTZR were therefore at different stages of re-
sistance, but the modulated genes they have in common may
play roles in stress response, which are often necessary in devel-
oping drug resistance. The specific regulation of genes in TFMR
compared with Cys(—), on the other hand, indicates that the
modulated genes in TFMR were not simply responses to stress
but constitute a specific reaction towards developing resistance.
Overall, differences in the profiles between strains illustrate that
the transcriptional response of E. histolytica to trifluoromethio-
nine is specific (Figure 2b) and could be used as a signature
profile of trifluoromethionine resistance.

Conclusion

The use of a DNA microarray has provided a genome-wide ana-
lysis of trifluoromethionine resistance in E. histolytica. We have
shown that drug resistance is both multifactorial and specific, in-
volving not just the repression of EAMGL, but the induction of
EhBspAl and the differential expression of a host of genes
involved in metabolism, stress response and gene regulation.
While the exact relationship between these genes is largely
unknown, it is likely that, in vivo, these are the same changes ne-
cessary to initiate, support and extend trifluoromethionine resist-

ance. If proven to be true, it will then be possible to design o

PCR-based test to detect trifluoromethionine resistance in the
future, allowing for more suitable treatments and improving
the clinical outcome of chemotherapy.
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Introduction

Lysozymes (EC 3.2.1.17) are the antibacterial protein that has
an ability to damage the cell wall of bacteria [1]. The enzyme acts
by catalyzing the hydrolysis of 1,4-beta-linkages between MN-
acetylmuramic acid and N-acetyl-D-glucosamine in peptidogly-
cans and between the MN-acetyl-D-glucosamine residues in
chitodextrins. While biochemical [2], functional [3], and structural
[4] features of lysozymes have been well established, the
mechanisms for intracellular trafficking and secretion remain
poorly characterized except for the report that showed that
condroitin sulfate is involved in lysosomal targeting of lysozymes
[5]. Hexosaminidase (EC 3.2.1.52) is involved in the hydrolysis of
terminal N-acetyl-D-hexosamine residues in hexosaminides. Three
dimeric isozymes of [-hexosaminidase are formed by - the
combination of o and B subunits, encoded by HEXA and HEXB
genes, respectively. B-Hexosaminidase and the cofactor GM2

@ PLoS Pathogens | www.plospathogens.org

activator protein catalyze the degradation of the GM2 gangliosides
containing terminal N-acetyl hexosamines [6]. Mutations in
HEXA gene decrease the hydrolysis of GM2 gangliosides, which
is the main cause of Tay-Sachs disease, whereas mutations in
HEXB gene results in Sandhoff disease [7]. The trafficking
mechanism of B-hexosaminidase via mannose-6-phosphate recep-
tor has been well studied in mouse lymphoma and myeloma cell
[8-10]. However, the mechanisms of trafficking of B-hexosamin-
idase in eukaryotes besides mammals remain to be discovered.
Lysozyme and PB-hexosaminidase are abundant components
found in phagosomes from Entamoeba histolytica [11,12], which is
the anaerobic or' microaerophilic protozoan parasite, causing
amebic dysentery and amebic liver abscesses in an estimated 10
million cases annually [13]. However, the role and intracellular
trafficking of these enzymes remain unknown. Phagocytosis and
phagosome biogenesis seems to play a pivotal role in pathogenesis
in E. fustolytica [14]. E. histolptica is capable of internalizing
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extracellular particles by phagocytosis. The amebic trophozoites
ingest microorganisms in the large intestine [15,16], and host cells
including non-immune cells [17], and immune cells [18] during
tissue invasion. It has been well-established that in vitro and in
vivo virulence correlates well with the ability of phagocytosis
[14,19,20]. Furthermore, phagosomes contain a panel of proteins
that were shown to be crucial in pathogenesis such as cysteine
proteases (CPs) [21], amoeba pores [22], and galactose/N-
acetylgalactosamine-specific lectin [23,24], proteins involved in
cytoskeletal reorganization [25,26], vesicular trafficking [27-29],
and signal transduction [30,31]. Therefore, understanding the
molecular mechanisms of phagocytosis and phagosome biogenesis
as well as the role and trafficking of individual phagosomal
proteins in phagosomes, should help to understand underlying
links between phagocytosis and pathogenicity.

Recently, the proteins and mechanisms involved in phagocytosxs
have been demonstrated. For instance, the surface Ca®*-binding
kinase (C2PK) has shown to be involved in the initiation of
phagocytosis [31]. The antisense inhibition of G2PK caused
inhibition of the initiation of erythrophagocytosis. It has also been
shown that surface transmembrane kinase (TMK96) and p21-
activated kinase (PAK) play an important role in phagocytosis of
human erythrocytes [32,33]. The unconventional myosin, myosin
1B, was shown to be involved in cytoskeleton rearrangement
during phagocytosis [25,26]. Furthermore, phosphatidylinositides
also play critical roles during phagocytosis [34,35]. Our previous
proteomic studies, where 159 proteins were identified from
purified phagosomes [11,12], also suggested a direct link between
phagosome biogenesis and pathogenesis, as phagosomes contained
a panel of proteins that were shown to be crucial in pathogenesis
described above. Furthermore, the proteins that are implicated for
degradation of phagocytosed bacteria, e.g. amoebapores [22],
lysozymes, and P-hexosaminidase, as well as other hydrolytic
enzymes such as amylase and ribonuclease were also demonstrated
in phagosomes. While both the constituents of phagosomes and
the kinetics of their recruitment are known, very little is known on
how these proteins are transported to phagosomes. Recently, we
discovered a putative transmembrane receptor for cysteine
proteases from E. histolytica, which preferentially binds to CP3
(Nakada-Tsukui K, et al., unpublished data), which is directly
implicated in the pathogenesis [36--38]. The E. hustolytica genome
contained a total of 11 members showing significant mutual
identity and structural conservation to the transmembrane

';@'. PLoS Pathogens | www.plospathogens.org
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cysteine protease receptor: the signal peptide at the amino
terminus, a single transmembrane domain close to the carboxyl
terminus, and the Yxx® motif at the carboxyl terminus. This
family of proteins was designated as cysteine protease binding
family proteins 1-11 (CPBFI-11). In the present study, we
characterized one of the most highly expressed CPBF genes
among the family, CPBFS. We showed that CPBF8 localizes to
phagosomes during phagocytosis, while it is distributed to the
acidic compartment in steady state. Affinity immunoprecipitation
followed by LC-MS/MS analysis showed that CPBF8 specifically
bound to lysozymes and B-hexosaminidase o-subunit. Repression
of CPBFS8 by gene silencing reduced lysozyme and B-hexosamin-
idase activities in phagosomes, and caused a defect of digestion of
ingested bacteria.

Results

Localization of CPBF8

We examined the localization of CPBF8 during phagocytosis of
CHO cells. Trophozoites of CPBF8-HA-expressing strain were
incubated with CellTracker-loaded CHO cells for 10 to 60 min to
allow ingestion of CHO cells. Immunofluorescence assay using
anti-HA antibody showed that CPBF8 was localized to phago-
somes containing CHO cells at all time points (10, 30, and
60 mins) (Figure 1A). CPBF8 remained associated with phago-
somes in the course of phagocytosis: the percentage of colocaliza-
tion did not significantly changed (84, 92 and 82% at 10, 30, and
60 min, respectively). Immunofluorescence image of the amoeba
undergoing engulfinent revealed that CPBF8 localized to the
basolateral portion of a phagosome, and excluded from the tunnel-
like structure connecting a phagosome and the CHO cell being
aspirated [35].

As immunofluorescence assay showed that CPBF8 was also
distributed to a large number of vesicles and vacuoles under
quiescent (i.e., non-phagocytic) conditions, we examined the
nature of these compartments. CPBF8-HA was associated with
the acidic organelles labeled with membrane-diffusible Lyso-
Tracker under steady-state conditions (60% of LysoTracker-
positive vesicles/vacuoles was positive for CPBF8) (Figure 1B).
CPBF8 colocalized nicely with a vacuolar membrane protein,
pyridine nucleotide transhydrogenase, EAPNT, which converts
NADPH and NADH using the proton gradient across the
membrane [39] (Figure 1C). It has been shown that EAPNT is
localized to the acidic compartment in steady state and
transported to phagosomes upon phagocytosis [40].

CPBF8 binds to B-hexosaminidase a-subunit and
lysozymes

To identify potential cargo proteins that CPBF8 binds and
carries to phagosomes, we immunoprecipitated proteins that bind
to CPBF8, from the lysates of the transformant where HA-tagged
CPBFS8 was ectopically expressed (Figure 2). Silver stained SDS-
PAGE gel revealed three major bands of about >120, 60, and
20 kDa (bands G, E, and F) and three minor bands of about >300,
>9200, and 75 kDa (bands A, B, and D) exclusively found in the
immunoprecipitated sample from CPBF8-HA strain, but not from
HA control strain. These bands were excised and subjected to LC-
MS/MS analysis (Table 1 and Table S1). Smeary band C, which
showed an apparent molecular mass of ~130 kDa on SDS-PAGE
was identified as CPBF8 itself; the apparent size was larger than
the predicted size (99.3 kDa), suggestive of post-translational
modifications or aberrant structure (see below). Band E was
identified as [-hexosaminidase o-subunit (XP_657529; EHI_
148130) with 19.7% coverage. Band F was identified as a mixture
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A _ | CHO cells Merge

Figure 1. Localization of CPBF8 in £, histolytica. (A) Phagosome localization of CPBF8. Amoebae were incubated with Cell Tracker Blue-stained
CHO cells (blue) for 10 (top row) or 60 minutes (bottom row), fixed, and reacted with anti-HA antibody (green). Bar, 10 um. (B) Lysosomes localization
of CPBF8. Amoebae were labeled with LysoTracker Red (red) and subjected to immunofluorescence assay with anti-HA antibody (green). Bar, 10 pm.
(C) Colocalization of EAPNT and CPBF8. The cells were fixed, and reacted with anti-EhPNT (red) and anti-HA antibody (green). Bar, 10 pm.
doi:10.1371/journal.ppat.1002539.g001
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Figure 2. Isolation and identification of CPBF8-binding pro-
teins. Lysates of CPBF8-HA and control (“HA") transformants were
mixed with anti-HA-antibody-conjugated agarose, washed, and eluted
with HA peptide. Immunoprecipitated samples were separated on SDS-
PAGE and silver stained. Apparent molecular weight of standards (kDa)
are indicated on the left. Six bands excised for protein identification are
marked {A-F).

doi:10.1371/journal.ppat.1002539.9002

of lysozyme 1 (XP_653294, EHI_199110) and lysozyme 2
(XP_656933; EHI_096570) with 22.7 and 30.2% coverage,
respectively. Lysozyme 1 and 2 were previously demonstrated by
our previous phagosome proteome analysis [11,12]. Bands A, B,
and D mostly corresponded to CPBF8 (Table S1). These data
clearly indicate that B-hexosaminidase ¢-subunit and lysozymes
are predominant proteins that bind CPBF8, B-hexosaminidase o~

Lysosomal Hydrolase Receptor from E. histolytica

subunit was not previously detected by phagosome proteomics,
whereas its B-subunit was detected.

Repression of CPBF8 by gene silencing decreases p-
hexosaminidase and lysozyme activity

To further demonstrate the role of CPBF8, we created a strain
in which CPBF8 expession was repressed by long term
transcriptional gene silencing [41] (“CPBF8gs strain”). Gene
silencing is mediated by nuclear localized antisense small RNAs
with 5’-polyphosphate termini [42], and observed only in G3 and
its derived strains, in which amoebapore genes have heen
repressed. RT-PCR analysis showed that the mRNA level of
CPBF8 gene in CPBF8gs strain was specifically reduced to the
undetectable level (Figure 3A). DNA microarray analysis further
verified that CPBF8 transcript was reduced by 326 fold, while the
expression of other CPBF genes remained unchanged (Figure 3B).
In in vitro cultivation CPBF8gs strain did not show any defect in
growth compared to control pSAP2-Gunma-transfected strain
(Supplemental information Figure S1). The doubling times of
control and CPBF8gs strains were comparable (20.9 and 20.6 h,
respectively). Thus, the defects in protein transport and the
decrease in cytopathy against mammalian cells and bacteria
digestion, “described below, are not likely attributable to poor
proliferation (growth) of CPBF8gs strain.

We examined [-hexosaminidase and lysozyme activities in
CPBF8gs and control strains using a synthetic N-acetylglucosa-
mine-related substrate {(4-methylumbelliferyl-2-acetamido-2-de-
oxy-f-D-glucopyranoside, MUG) and its sulfo derivative (MUGS)
(for B-hexosaminidase), and Bodipy-conjugated Micrococcus lyso-
deikticus cell wall (for lysozymes). The enzyme activity toward
MUGS in the whole cells of CPBF8gs strain (0.045 U/g)
decreased by 81%, compared to control (0.234) (Figure 4A),
whereas that toward MUG reduced by 32% (44.4 and 304 U/g
in control and CPBF8gs strain, respectively) (Figure 4B). The
activity toward MUGS or MUG is known to attributable to B-
hexosaminidase activity of a homodimer of ¢-subunit, or that of
both a homodimer of B-subunit and a o/f-subunit heterodimer
[43]. The B-hexosaminidase activity toward MUGS and MUG,
secreted to the culture medium, also decreased by 37 and 43% in
CPBF8gs strain, respectively. The lysozyme activities in the whole
cell lysates of CPBF8gs strain appear to be slightly decreased
(4.3%), while the amylase activity remained unchanged (Figures 4,
C and D). One should know that the degree of lysozyme secretion
was much higher than that of B-hexosaminidase. B-Hexosamin-
idase activity detected in the culture supernatant was almost
negligible (Figure 4A and B), and may be attributable to lysed cells.
In addition, lysozyme activity detected in the whole lysates and the
culture supernatant appear to be attributable to proteins other
than lysozyme 1 and 2 because the lysozyme activity in the isolated
phagosomes and the amount of lysozyme 2 in the whole cells and

Table 1. Identification of CPBF-binding proteins by LC-MS/MS analysis.

1D number of identified
protein (GenBank ID)

Size of excised
band (kDa) (name)

Coverage (%)’

Predicted molecular

Annotation weight (kDa)

EHI_148130 (XM_652437)
| EHLISOUIO DM 6a202) 27
EHI_096570 (XM_651841) 302

B-hexosaminidase w-subunit
lysozyme 234

coverage based on the peptides over 95% probability.
doi:10.1371/journal.ppat.1002539.t001
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Figure 3. Specific repression of CPBF8 gene in CPBF8gs strain.
(A) RT-PCR analysis. A 200 bp long partial CPBF8 gene was amplified
using ¢DNA from control and CPBF8gs strains. (B) DNA microarray
analysis of CPBF genes (CPBF1-11). The raw fluorescence data of
triplicates is shown.

doi:10.1371/journal.ppat.1002539.g003

phagosomes detected by specific antibody in immunoblot analysis
greatly decreased (see below).

Phagosome targeting of B-hexosaminidase and
lysozymes is inhibited by the repression of CPBF8

In order to further investigate whether CPBFS is involved in
trafficking of P-hexosaminidase o-subunit and lysozymes to
phagosomes, we compared these activites in phagosomes isolated
and purified, as previously described [12], from CPBF8gs and
control strains (Figure 4E). We observed that B-hexosaminidase -
subunit and lysozyme activities in purified phagosomes decreased
by 90 and 96%, respectively, in CPBF8gs, compared to the control
strain, while the amylase activity in phagosomes remained
unchanged. Immuno blot analysis also confirmed the results of
the activity assays, and indicated that lysozyme 2 is not transported
to phagosomes in CPBF8gs strain (Figure 4F).

Repression of CPBF8 inhibits digestion of ingested
bacteria

To understand biological significance of CPBF8, we examined
phagocytosis and degradation of a representative Gram-positive
bacillus Clostridium perfringens in CPBF8gs strain. We microscopi-
cally monitored a course of degradation of ingested C. perfiingens
(Figure 5A). Intact and rod-shaped C. perfringens becomes rounded
in phagosomes when it is permeabilized and degraded. After 4 h
co-incubation of SYTO-59-prestained bacteria with the amoebae,
both the rod-shaped and rounded bacteria were counted
(Figure 38). While the total mumber of bacteria ingested were
comparable in the control and CPBF8gs strains (12.2+3.8 and
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9.1+3.8 per amoeba, respectively), the number of rounded
bacteria (0.3+£0.4 per amoeba) dramatically decreased in
CPBF8gs compared to the control (8.1%4.1 per amoeba), whereas
that of rod-shaped bacteria increased by two fold (8.8%3.9 and
4.0%3.2, respectively). These results clearly indicate that degra-
dation of C. perfringens was inhibited by the repression of CPBFS.

Repression of CPBF8 decreases the cytopathic activity

We investigated whether CPBF8 is involved in the cytopathic
effects on monolayers of cultured mammalian cells. The
monolayers of Chinese hamster ovary (CHO) cells were incubated
with the control and CPBF8gs strains for 1-3 h, and destruction of
CHO cells was measured. The cytopathic activity caused by
CPBF8gs strain was lower by 23-29% at all time points compared
to control strain (Figure 5C). The observed cytopathic effect was
partially blocked by 200 pM of the cysteine protease inhibitor E-
64 [44,45]. The cytopathic effect by the control strain was reduced
by 20-22%, whereas that by CPBF8gs was decreased by 41-45%
(Figure 5D). These results support the hypothesis that the decrease
in the cytopathic activity in CPBF8gs was due to the decrease in B-
hexosaminidase a-subunit and lysozymes.

To confirm this hypothesis, we also created the strains where B-
hexosaminidase o-subunit or lysozyme 1 genes was repressed
(HexAgs and Lyslgs strains). These silenced strains showed
reduced cytotoxity to CHO cells compared to the control mock
transformant by 9-18% reduction, as measured at 60 mins of co-
incubation (Supplemental information Figure S2). These data
indicate that secreted (and maybe also intracellular) lysozymes are
involved in CHO cytolysis, and that intracellular B-hexosamini-
dase o-subunit is also involved in pathogenesis against mammalian
cells, though its mechanism remains undetermined. We also
attempted to directly test cytotoxic activity of recombinant
hexosaminidase and lysozymes produced by in vitro translation
(up to 10 pug/ml final), but failed to demonstrate it.

The serine-rich region in CPBF8 is responsible for the
binding with its cargo, but not its localization

CPBF family proteins show common structural organization:
the signal peptide at the amino terminus, the transmembrane
domain close to the carboxyl-terminal end, and the YxxL motif in
the cytosolic tail located at the carboxyl terminus (Nakada-Tsukui
K, et al., unpublished data). Besides, among 11 members, only 3
members, CPBF6, CPBF7, and CPBFS8, have a stretch of serine-
rich hydrophilic region prior to the transmembrane domain
(Figure 6A and B). In order to investigate whether this region is
involved in the binding of CPBF8 to the cargos and whether the
region is involved in the phagosomal transport, we created a
transformant that expressed HA-tagged CPBF8 lacking the 23-
a.a.-long serine-rich region (CPBFSASRR-HA). We immunopre-
cipitated CPBF8-HA and CPBFS8ASRR-HA using anti-HA
antibody from lysates of the corresponding strains. Both the
silver-stained SDS-PAGE gel and immunoblot analysis with HA
antibody showed that the size of CPBFBASRR-HA (~100 kDa)
detected was ~50 kDa smaller than that of CPBF8-HA
(~150 kDa), which was larger than predicted (Figure 6 E and F,
see below “The nature of post-translational modifications of CPBF8”).
The amount of the 75- and 25-kDa proteins, which correspond to
fB-hexosaminidase o-subunit and lysozymes, respectively, detected
in the immunoprecipitated samples from the lysates of
CPBFBASRR-HA significantly decreased, compared to that from
CPBF8-HA strain (Figure 6E and F). The identity of the
precipitated proteins was confirmed by the immunoblots using
anti-B-hexosaminidase o-subunit antibody and lysozyme 2 anti-
body (Figure 6F).
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Figure 4. Enzymatic activities in total lysates, culture supernatant, and phagosomes and immuno blot analysis of total lysates and
phagosomes derived from control and CPBF8gs strains. After the amoebas were incubated in fresh medium for 2 h, trophozoites and culture
supernatant were separated by brief centrifugation. After the supernatant was removed (“sup”), the cell pellet was resuspended and solublized in
lysis buffer (“ppt”). To isolate phagosomes (E), the amoebas were incubated with latex beads, and, after brief centrifugation, the cell pellet was
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resuspended, and mechanically homogenized. The phagosomes were isolated by ultracentrifugation on a sucrose gradient. Enzymatic activities of

culture supernatant, whole lysate (A-D), and phagosomes (E) are shown. (

A-D) Enzymatic activities of B-hexosaminidase activity toward MUGS (A)

and MUG (B), lysozyme activity (C), and amylase activity (D) in the cell pellet and culture supernatant. (E) Enzymatic activities of B-hexosaminidase
toward MUGS, lysozyme, and amylase in phagosomes, Data shown are the means * standard deviations of three independent experiments. “*” or
“¥* represents statistical significance at p<0.01 or p<0.05, respectively. (F) Immuno biot analysis of the cell pellet and the phagosome fraction,
Approximately 20 pg of the cell pellet and 2 pg of the phagosome fraction were electrophoresed. CPBF1 and CP5 are phagosomal proteins, while
cysteine synthase 3 (CS3) is a cytosolic marker. Abbreviations are: ppt, pellet fraction; sup, culture supernatant; phagosome, phagosome fraction.

doi:10.1371/journal.ppat.1002535.g004

To further map the region and amino acids responsible for the
cargo binding, we constructed the variant forms of CPBF8 in
which one of two stretches of three serines in the SRR were
replaced by alanines (CPBFSAAA1-HA and CPBFSAAA2-HA,
respectively) (Figure 6C). CPBFSBAAAI-HA showed reduced
ability to bind p-hexosaminidase o-subunit and lysozyme 2,
compared to CPBF8-HA and CPBFSAAA2-HA (Figure 6E and
F). These data indicate that the region containing the first stretch
of three serine residues is essential for the binding with the cargos.
Furthermore, silver staining and immunoblots with anti-HA
antibody of the lysate from CPBF8AAAI-HA showed a
~20 kDa reduction in the apparent molecular size of
CPBF8AAAI-HA, compared to CPBF8-HA. These data were
also consistent with a premise that this portion is directly post-
translationally modified or indirectly involved in post-translational
modifications (see below). We also attempted to show direct
evidence that B-hexosaminidase o-subunit and lysozymes bind to
SRR by constructing a truncated form of CPBF8, in which the
signal peptide, SRR, the transmembrane domain, and the
cytosolic region of CPBF8 were included (designated as SRR-
HA). However, neither B-hexosaminidase a-subunit nor lysozymes
was detected by immunoprecipitation of SRR-HA (data not
shown). This indicates that the SRR per se may not be sufficient
for post-translational modifications required for cargo binding.
Immunofluorescence assay showed that the localization of
CPBFSASRR-HA, CPBF8AAAI-HA, CPBF8 AAA2-HA, and
SRR-HA such as phagosome recruitment (Figure 6D and
Supplemental information Figure S3A~C) was indistinguishable
from that of CPBF8-HA. Therefore, SRR does not appear to be
essential to phagosome targeting.

The nature of post-translational modifications of CPBF8
The apparent molecular mass of CPBFSASRR-HA detected with
silver staining and immunoblots with anti-HA antibody was
~50 kDa smaller than that of CPBF8-HA (Figure 6, E and F,
Figure 7). The reduction of the apparent size was larger than the
predicted decrease based on the deletion of the amino acids (23 a.a.
corresponding to 2.4 kDa for CPBFBASRR-HA). To better
understand the nature of the post-translational modification of
CPBF8, we treated the transformant with 10 pg/ml tunicamycin,
which is an inhibitor of asparagine-linked glycan modification, for
24 'h (40). However, tunicamycin treatment did not affect the
apparent mobility of immunoprecipitated CPBF8-HA on SDS-
PAGE (data not shown), despite the fact that a potential N-linked
glycosylation site is present in CPBF8 (Asn383). It was previously
shown that the major GPI-anchored surface antigen of E. kistolytica
trophozoites contains O-phosphodiester-linked sugars [46]. We
examined if the post-translational modification of CPBF8 contains
O-phosphodiester-linked sugars by the treatment of immunoprecip-
itated CPBF8 with trifluoroacetic acid (TFA). SDS-PAGE and
immunoblot analyses showed that TFM treatment of immunopre-
cipitated CPBF8 reduced the apparent molecular size of GPBFS to
~120 kDa (Figure 7), which was similar to the size of CPBFSAAA1-
HA (Figure 6, E and F), while that of CPBFSASRR-HA remained
unchanged by TFA treatment. Altogether, CPBF8 appears to
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possess O-phosphodiester linked carbohydrates via the first stretch of
serines within SRR, and this region seems to be responsible for the
binding with B-hexosaminidase o-subunit and lysozymes. It should
also be noted that the apparent size of TFA-treated CPBF8-HA and
CPBF8AAAL-HA was significantly (~20 kDa) larger than that of
CPBF8ASRR-HA. The difference between CPBF8AAAI-HA and
CPBF8ASRR-HA was apparently larger than the predicted size of
SRR (2.4 kDa), suggesting that other post-translational modifica-
tion(s) may be present in other region(s) of SRR.

Discussion

Discovery of a novel transport receptor of p-
hexosaminidase a-subunit and lysozymes

CPBF8 was first identified in phagosomes by our previous
proteome study of the purified phagosomes [12]. We have recently
rediscovered CPBF8 as a homolog of CPBF1. CPBF1 was isolated
as a potential receptor/carrier of the major virulence factor of E,
tustolytica, CP5, by virtue of its binding activity to CP5 (Nakada-
Tsukui K, et al., unpublished data). CPBF8 represents a novel
hydrolase receptor for the following reasons. First, CPBFS is the
first receptor that binds to and transport B-hexosaminidase o-
subunit and lysozymes to lysosomes/phagosomes, in the manner
that is distinct from mannose-6-phosphate receptor- and sortilin-
dependent pathway. Second, there is no CPBF8 homolog in other
organisms, and showed no sequence similarity to mannose-6-
phosphate receptors or sortilin at the primary sequence level.
Mannose-6-phosphate receptor and sortilin 1 are the membrane
receptor of cathepsin D/B-hexosaminidase [47] and prosaponin/
sphingolipid activator protein [48], respectively. Third, GPBFS is
post-translationally modified at its unique serine-rich region, and
the modification is essential for the cargo binding.

Cellular localization of CPBF8

The two representative CPBF members, CPBF1 and CPBFS, are
localized to distinct compartments in steady state. Immunofluores-
cence assay using two markers, LysoTracker and PNT, clearly
showed distinct distribution of CPBF1 and CPBF8. CPBFS was well
colocalized with LysoTracker and PNT (Figure 1), whereas CPBF1
was seldom localized to lysosomes or colocalized with PNT
(Nakada-Tsukui K, et al, unpublished data). The different
localization of CPBF8 and CPBF1 may be attributable to the motif
sequences at the carboxyl terminus. As mentioned above, the YxxL
motif is located at the very end of the carboxyl terminus CPBF,
while CPBF8 ends with a stretch of YxxLA, suggesting a possibility
that different accessory molecule(s) bind to CPBF 1 and CPBFS.

When CPBF1 and CPBF8 were recruited to phagosomes, the
subdomain of the phagosomal membrane they first come in
contact with, seems to be indistinguishable. CPBF8 (Figure 1A)
and CPBF1 (Nakada-Tsukui K, et al,, unpublished data) were
recruited to the basolateral portion of the “phagocytic mouth”,
similar to the domain where phosphatidylinositol-3-phosphate is
localized [35]. The fact that CPBF8 and EAPNT colocalize in
steady state and are simultaneously transported to phagosomes
upon phagocytosis, suggests that similar trafficking pathway and
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