Jeumal for Par

Contents lists availab(e at fiscéeme{}iz’eizﬁ

Journal homepage www elsevier. com/tocate/r;para

[P

Internatlonal journal for Para51tology ;

Ligand heterogeneity of the cysteine protease binding protein family
in the parasitic protist Entamoeba histolytica

Konomi Marumo ***, Kumiko Nakada-Tsukui **, Kentaro Tomii

.
@ CrossMark

, Tomoyoshi Nozaki *"*

2 Department of Parasitology, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan
b Graduate School of Life and Environmental Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8572, Japan
€ Computational Biology Research Center (CBRC), National Institute of Advanced Industrial Science and Technology (AIST), 2-4-7 Aomi, Koto-ku, Tokyo 135-0064, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 27 February 2014

Received in revised form 11 April 2014
Accepted 15 April 2014

Available online 5 June 2014

Lysosomal soluble proteins are targeted to endosomes and lysosomes by specific receptors resident in the
endoplasmic reticulum and/or the Golgi apparatus. The enteric protozoan parasite Entamoeba histolytica
has a novel class of lysosomal targeting receptors, named the cysteine protease binding protein family
(CPBF). Among 11 CPBFs (CPBF1-11), ligands for three members, CPBF1, CPBF6 and CPBF8, were

previously shown to be cysteine proteases, o- and y- amylases, and B-hexosaminidase and lysozymes,
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respectively. To further understand the heterogeneity of the ligands of CPBFs, we attemnpted to isolate
and identify the ligands for other members of CPBFs, namely CPBF2, 3, 4, 5, 7, 9, 10 and 11, by immuno-
precipitation and mass spectrometric analysis. We found that CPBF2 and CPBF10 bound to a-amylases
while CPBF7 bound to B-hexosaminidases. It is intriguing that cysteine protease are exclusively recogni-
.sed by CPBF1, whereas three a-amylases and B-hexosaminidases are redundantly recognised by three
and two CPBFs, respectively. It was shown by bioinformatics analysis and phylogenetic reconstruction
that each CPBF contains six prepeptidase carboxyl-terminal domains, and the domain configuration is

evolutionarily conserved among CPBFs. Taken together, CPBFs with unique and conserved domain orga-
nisation have a remarkable ligand heterogeneity toward cysteine protease and carbohydrate degradation
enzymes. Further structural studies are needed to elucidate the structural basis of the ligand specificity.
© 2014 The Authors. Published by Elsevier Ltd. on behalf of Australian Society for Parasitology Inc. This is

an open access article under the CC BY-NC-SA license (¥t

reativecornmons.avg/icenses/by-no-sa/3.00).

1. Introduction

Lysosomal enzymes such as cysteine proteases (CPs) play a
pivotal role in the pathogenesis of the intestinal parasitic protist
Entamoeba histolytica. Cytolytic capacity and tissue invasiveness
of this parasite are mainly attributed to CPs, as shown in numerous
n vitro and in vxvo studies (Brinen ef al., 2000; Gue and Reed,
000 Hellberg et al, 2001, 2002; Bruchhaus et al, 200% Gue
e al, 2003, Ackers aiza‘i sirelman, 2006 Gilchrist ep gl, 2006;
MacFarlane and Singh, 2006: Meléndez-18pez et al, 2007, He
et al, 2010; Ralston and Petri, 2011). The regulation of their intra-
cellular processing and transport has begun to be unveiled by our
recent discovery of the novel CP-specific carrier/receptor protein,
named cysteine protease binding protein family (CPBF) 1
(Makada-Tsukul et gl, 2012). CPBF1 is a unique cargo receptor
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restricted to the Amoebozoa, and shows a number of differences
from known transport receptors in other eukaryotic lineages.

In general, transport of soluble lysosomal proteins is mediated
by three major classes of soluble lysosomal protein transport
receptors: mannose 6-phosphate receptor (MPR), sortilin or vacu-
olar protein sorting 10 protein (Vps10p), and plant-specific vacuo-
lar sorting receptor (VSR). Sortilin/Vps10p is conserved in a wide
range of eukaryotes, while MPR is mainly conserved among the
Opisthokonta and VSR is specific to the Planta and the Chloroplast-
ida. MPRs consist of two classes of proteins, cation-independent
MPR (CI-MPR) and cation-dependent MPR (CD-MPR), and recog-
nise the mannose 6-phosphate moiety on the soluble lysosomal
proteins via its carbohydrate recognition domain (CRD). There
are two genes encoding putative CD-MPR in E. histolytica. However,
immunoprecipitation of influenza virus hemagglutinin (HA)-tagged
CD-MPRs demonstrated no interaction with soluble lysosomal
proteins (Nakada-Tsukui et al., unpublished data), suggesting that
MPRs are unlikely to function as lysosomal targeting receptors in
E. histolytica. Furthermore, neither Sortilin/Vps10p nor VSR is
present in the genome.

0020 7519/@ 2014 The Authors. Published by Elsevier Ltd. on behalf of Australian Society for Paras:tology Inc
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In E. histolytica, CPBF consists of 11 members with 18-75%
mutual amino acid identities. We previously demonstrated that
three most highly expressed CPBFs, CPBF1, CPBF6, and CPBFS8, are
involved in the targeting of soluble lysosomal proteins including
CP, amylases, B-hexosaminidase and lysozymes (Furukawa et al.,
2012, 2013, Nakada-Tsukui et al, 2012). As MPR, Sortilin/Vps10p
and VSR are generally encoded by a single gene in the genome,
CPBF represents the first protein family involved in targeting of
lysosomal enzymes. All members of CPBFs share similar features
such as the signal sequence at the amino terminus, a single trans-
membrane domain and the Yxx® motif at the carboxy! terminus.
The Yxx® motif (x is any amino acid and ® is any aliphatic amino
acid) is known to be present in the cytoplasmic portion of numer-
ous receptors and responsible for binding to the adaptor protein
(AP) complex (Makatsu and Ohing, 2003). These common features
suggest that all members of CPBF are involved in lysosomal target-
ing of respective specific soluble lysosomal proteins. To further
examine the specificity and heterogeneity of the ligands of other
members of CPBFs, we attempted to identify and characterise the
ligands for CPBF2, 3, 4, 5, 7,9, 10 and 11 by immunoprecipitation
and mass spectrometric analysis.

2. Materials and methods
2.1. Cells and reagents

Trophozoites of E. histolytica strain HM-1:IMSS cl6 (HM-1) were
cultured axenically in BI-S-33 medium (Diamond et al, 1978) at
35.5°C, as previously described (Clark and Diamond, 2002).
Amoeba transformants were cultured in the presence of 10 pg/
mL of Geneticin. Escherichia coli strain DH50 was purchased from
Life Technologies (Tokyo, Japan). All chemicals of analytical grade
were purchased from Sigma-Aldrich (Tokyo, Japan) unless other-
wise stated.

2.2. Plasmid construction

Standard techniques were used for routine DNA manipulation,
subcloning and plasmid construction (Samibrook and Russell,
2047). Plasmids to express CPBF2, 3, 4, 5, 7, 9, 10 or 11 fused with
the HA epitope at the carboxyl terminus were generated by the
insertion of the corresponding protein coding region of the CPBF
gene into the Bglll site of a pEhExHA vector (MNakada-Tsukui
2f al, 200%9) either by standard restriction digestion and ligation
methods for CPBF3, 4, 10 and 11, or by InFusion system (Takara,
Tokyo, Japan) for CPBF2, 5, 7 and 9. Resultant plasmids were
named pEhEXHA-CPBF2, 3, 4, 5, 7, 9, 10 and 11, respectively. The
protein coding region of each CPBF gene was amplified with
specific sense and antisense oligonucleotide primers: aca-
cattaacAGATCATGGTTGTTCTGTTITTTATT and atggatacatAGATCGA
AAGTTCCAAATGATGATT (CPBF2); accggatccATGATCCTATTAATTC-
TAGCA and gttggatccAAGTTCATGATATCCCAAAAA (CPBF3); accgga
tccATGGTCCAAATAACATGTCTT and gttggatccAAGTTCATGATATCT
CAATAA (CPBF4); acacattaacAGATCATGTTTATTCTTCTTAGTCT and
atggatacatAGATCAAAGTCAGAATAACTCTITC (CPBF5); acacattaac
AGATCATGTTGGTTTTCTTAACAAT and atggatacatAGATCAACTAAA
GTAGCATATCCAG (CPBF7); acacattaacAGATCATGTTATTGAAATG
GGGATT and atggatacatAGATCATTATCAATAATTGTTTTTA (CPBF9);
accggatccATGCTTTITAATAACTCTCCTC and gttggatccGAAACTACT-
GAAACTTGATGA (CPBF10); accggatccATGTTTTTGTTGTTCATTTCT
and gttggatccTAATTCATAATATCCTTTGTT (CPBF11). Plasmids to
express GST-fusion proteins with the individual prepeptidase car-
boxyl-terminal (PPC) domain (PPC1-6) of CPBF1 were generated
by the insertion of the synthesized nucleotides corresponding to
CPBF1 PPC1-6 or the first PPC domain of CPBF8 (CPBF8 PPC1) into

the BamHI and Notl double-digested pGEX6p-2 vector (GE Health-
care, Tokyo, Japan), and designated as pGST-CPBF1 PPC1-6 or
pGST-CPBF8 PPC1, respectively. CPBF1 PPC1-6 corresponds with
amino acids (a.a.) 20~165, 172~298, 303~428, 435~570,
574~710, and 717~853, of CPBF1, respectively, and CPBF8 PPC1
corresponds to a.a. 16~154 of CPBF8.

2.3. Amoeba transformation

pEhEXHA-CPBFZ, 3,4, 5,7, 9, 10 or 11 was introduced into HM-1
trophozoites by lipofection, as previously described (Mozaki et al.,
14999), Geneticin was added at a concentration of 1 pg/mL at 24 h
after transfection and gradually increased for approximately
2 weeks until the G418 concentration reached 10 pg/mL.

2.4. Immunoprecipitation, SDS-PAGE and immunoblot analyses

For the isolation of CPBF-HA binding proteins, the cell pellet
from 2.0 x 107 CPBE-HA-expressing or mock-transfected cells
was lysed with 1 mL of lysis buffer (50 mM Tris-HCl pH. 7.5,
150 mM NaCl, 1% Triton-X100, 0.5 mg/mL of E-64, complete mini
EDTA-free protease inhibitor cocktail (Roche Applied Science,
Penzberg, Germany)). After centrifugation at 14,000g for 5 min at
4 °C, the soluble lysate was pre-cleared with 50 pL of protein G
Sepharose (50% slurry in lysis buffer), (GE Health Care, Waukesha,
WI, USA) and then mixed and incubated with 50 uL of anti-HA
monoclonal antibody-conjugated agarose (Sigma-Aldrich, St.
Louis, MO, USA) for 3.5h at 4 °C. Immune complexes bound to
the resin were washed five times with wash buffer (50 mM Tris-
HCl pH. 7.5, 150 mM NaCl, 1% Triton-X100) and then eluted by
incubating the resin with 180 pl of 200 mg/mL HA peptide
(Sigma-Aldrich) in lysis buffer for 16 h at 4 °C. Approximately
2 g of the eluted samples were subjected to SDS~PAGE and visu-
alised with either a silver stain MS kit (WAKO, Tokyo, Japan) or a
SYPRO ruby protein stain (Takara). The same sarnples were also
subjected to SDS-PAGE and immunoblot analyses as previously
described (Sambrook and Russell, 2001). Primary antibodies were
used at a 1:500 dilution for anti-Cm-EhCP-A5 rabbit antibody
(Makada-Tsukui et al, 2012) or at a 1:1000 dilution for anti-HA
mouse monoclonal antibody (clone 11MO, Covance, Princeton,
NJ, USA) in immunoblot analyses. CP-A5 is the major CP that CPBF1
was found to bind (Nakada-Tsukui et al, 2012).

2.5. Mass spectrometric analysis

Unique bands detected exclusively in the eluted samples from
the HA-tagged transformants but not those from the control, after
visualisation by silver or SYPRO ruby stain, were excised and sub-
jected to LC-MS/MS analysis. The total mixture of the immunopre-
cipitated eluates using the lysate from CPBF2, 3, 4, 5, 7, 9, 10 and
11-HA expressing and mock transformants were briefly electro-
phoresed on SDS-PAGE to allow entry of proteins into the gel, vis-
ualised by silver stain, and the bands containing whole mixture
were excised and subjected to LC-MS/MS analysis.

LC-MS/MS analysis was performed at W. M. Keck Biomedical
Mass Spectrometry Laboratory, University of Virginia, USA. The
gel pieces from the band were transferred to a siliconized tube
and washed in 200 pL of 50% methanol. The gel pieces were dehy-
drated in acetonitrile, rehydrated in 30 pL of 10 mM DTT in 0.1 M
ammonium bicarbonate and reduced at room temperature for
0.5 h. The DTT solution was removed and the sample alkylated in
30 pL of 50 mM iodoacetamide in 0.1 M ammonium bicarbonate
at room temperature for 0.5 h. The reagent was removed and the
gel pieces dehydrated in 100 puL of acetonitrile. The acetonitrile
was removed and the gel pieces rehydrated in 100 pL of 0.1 M
ammonium bicarbonate. The pieces were dehydrated in 100 pL
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of acetonitrile, the acetonitrile removed and the pieces completely
dried by vacuum centrifugation. The gel pieces were rehydrated in
20 ng/ulL of trypsin in 50 mM ammonium bicarbonate on ice for
30 min. Any excess enzyme solution was removed and 20 pL of
50 mM ammonium bicarbonate added. The sample was digested
overnight at 37 °C and the peptides formed extracted from the
polyacrylamide in a 100 pL aliquot of 50% acetonitrile/5% formic
acid. This extract was evaporated to 15 pL for MS analysis. The
LC-MS system consisted of a Thermo Electron Velos Orbitrap ETD
mass spectrometer system with a Protana nanospray ion source
interfaced to a self-packed 8 cm x 75 pum inner diameter Phenom-
enex Jupiter 10 um C18 reversed-phase capillary column. The
extract (7 pL) was injected and the peptides eluted from the col-
umn by an acetonitrile/0.1 M acetic acid gradient at a flow rate
of 0.5 puL/min over 1.2 h. The nanospray ion source was operated
at 2.5 kV. The digest was analysed using the double play capability
of the instrument, acquiring a full scan mass spectrum to deter-
mine peptide molecular weights followed by product ion spectra
to determine a.a. sequence in sequential scans.

2.6. Data analysis to determine specific binding proteins

The data were analysed by database searching using the
Sequest search algorithm against the E. histolytica genome data-
base (http:/famoebadborg/amorha/). The quantitative value
(QV), normalised with unweighted spectrum counts, was used to
estimate relative quantities of proteins in the samples. Specific
binding proteins were determined by the following criteria. First,
proteins that showed QV > 8, or QV> 10 in the control pEhExHA
transformed sample (“HA” in Tzk#e 1) and proteins that showed
QV < 3 in the CPBF samples were removed, and it was assumed that
those were non-specific proteins. The proteins that showed >3 or
>4-fold higher QV in the CPBF samples compared with those in
the HA control were selected. Finally, proteins lacking the signal
sequence were removed from a list of possible ligands. Applying
these criteria to the proteins discovered, positive controls, i.e.,
CPs in CPBF1-HA, were unequivocally detected.

2.7. Indirect immunofluorescence assay

The indirect immunofluorescence assay was performed as pre-
viously described (MNakada-Tsukui et ¢i, 2012). Briefly, the amoeba
transformant cells were harvested and transferred to 8 mm round
wells on a slide glass, and then fixed with 3.7% paraformaldehyde
in PBS, pH 7.2, for 10 min. After washing, the cells were permeabi-
lized with 0.2% saponin in PBS containing 1% BSA for 10 min, and
reacted with an anti-HA monoclonal antibody (clone 11MO, Cov-
ance) diluted at 1:1000 in PBS containing 0.2% saponin and 1%
BSA. After washing three times with PBS containing 0.1% BSA, the
samples were then reacted with Alexa Fluor 488-conjugated anti-
mouse secondary antibody (1:1000 dilution in PBS containing
0.2% saponin and 1% BSA) for 1 h. For lysosomal staining, 10 uM
Lysotracker Red (Molecular Probes, Eugene, OR, USA) was added
to E. histolytica transformants for 16 h, and the trophozoites were
then washed, harvested and subjected to an immunofluorescence
assay. The samples were examined on a Carl-Zeiss LSM 510 META
confocal laser-scanning microscope. The resultant images were
further analysed using LSM510 software.

2.8. In silico identification of PPC domains in CPBF

To identify structural/functional domains in CPBFs, we utilised
our profile-profile alignment methods, called FORTE (Tomii and
Aldyama, 2004). FORTE utilises position-specific score matrices
(PSSMs) for both the query and library proteins to perform pro-
file-profile alignment. Previous applications in the Critical

Assessment of Protein Structure Prediction (CASP) experiments
(hispf/predictioncenterarg/)  should also  be referred to
(Shiozawa et al, 2004 Tomil ef ab, 2008, 2012 Wang #f al,
2005). We created and evaluated a phylogenetic tree of a total of
66 individual domains (six PPC domains in each CPBFs). A multiple
alignment of those a.a. sequences was constructed by Clustal
Omega (Sievers et gh, 7004). The phylogenetic trees were con-
structed using the neighbour joining method using Clustal W
(Larkis 20#17). The tree was depicted with Njplot (Peyriére
andd Gouy, 19886).

2.9. Recombinant protein expression and in vitro binding assay

GST-fused recombinant proteins containing individual PPC
domains (CPBF1 PPC1-6 and CPBF8 PPC1) were produced as fol-
lows: pGST-CPBF1PPC1-6 and pGST-CPBF8PPC1 were introduced
into E. coli BL21(DE3) competent cells (Merck, Tokyo, Japan).
Expression of the recombinant proteins was induced with
100 mM isopropyl-B-thiogalactoside (IPTG) at 25 °C for 5 h. The
bacterial cells were collected and lysed by adding bacterial protein
extraction reagent in phosphate buffer (B-PER) (Thermo Scientific,
Tokyo, Japan) to the cell pellet. Clear lysate was mixed with gluta-
thione Sepharose 4B (GE Healthcare) for 1 h at 4 °C then washed
three times with wash buffer (50 mM Tris-HCl pH. 7.5, 150 mM
NaCl, 1% Triton-X100). The GST-CPBF PPC-bound Sepharose beads
were mixed with the soluble supernatant of lysates prepared from
3 x 10° HM-1 trophozoites as described in Section 2.4 and incu-
bated for 1 h at 4°C. The beads were washed three times with
wash buffer and boiled with SDS-PAGE loading buffer. The eluted
proteins were separated by SDS-PAGE and analysed by Coomassie
Brilliant Blue stain (CBB, one step CBB stain kit, Bio Craft, Tokyo,
Japan) and an immunoblot assay.

Images of CBB-stained polyacrylamide gel and immunoblots
were acquired by GELSCAN (iMeasure Inc., Nagano, Japan) and
LAS3000 (GE Healthcare), respectively. The O.D. of the bands was
quantified using Image J (btip://rsbweb.nihgovilfindexhoml).
Binding efficiency was estimated with the parameter defined as
(the O.D. of the band corresponding to CP-A5 on an immunoblot)
divided by (the 0.D. of the GST-fusion protein band on a CBB-
stained gel). Relative binding efficiency of each GST-PPC domain
fusion protein to CP-A5 was expressed after normalisation against
the value of the GST control.

3. Results and discussion

3.1. Establishment of CPBF-HA expressing transformants and potential
post-translational modifications of CPBFs

While the ligands of CPBF1, 6 and 8 were identified in our pre-
vious studies (Furukawa st sl, 2007, 20713, Nakada-Teukud er 2l
2012), the spectrum of the ligands recognised by other members
of CPBFs remained poorly understood. Thus, we established E. his-
tolytica transformants expressing CPBF2, 3, 4, 5, 7, 9, 10 or 11,
tagged with the carboxyl-terminal HA epitope, to identify the
ligands of all members of CPBFs. In all experiments, the ameba
transformants transfected with a pEhEXHA mock vector and a
pCPBF1-HA vector were used as negative and positive controls.
Expression of HA-fused CPBFs was confirmed by immunoblot anal-
ysis with anti-HA antibody (Supplemeniary Fig, 81).

All of the HA-tagged CPBF proteins showed molecular masses
slightly higher than those predicted, as seen for other HA-tagged
proteins (Makada-Tsukui et al, 2005, 2012, Furuks st al,
2012, 201%). Even if considering the effect of the HA tag, CPBF7
and CPBF10 showed higher molecular masses than other CPBFs,
suggesting possible post-translational modifications, similar to
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Table 1

Ligands and associated proteins of cysteine protease binding protein family (CPBF) 2-11 identified by immunoprecipitation and LC-MS/MS analysis,

Accession number

Quantitative value” Unique peptides”

CPBF Identified proteins Mw GenBank AmoebaDB CPBF HA CPBF HA
CPBF2 CPBF2
CPBF2 CPBF2 97 kDa XP_653276 EHI_087660 34717 0 43 0
o~Amylase family protein 69 kDa XP_655699 EHI_152880 12246 0 25 0
70 kDa heat shock protein 73 kDa XP_654737 EHI_199590 3.37 0 3 0
Hypothetical protein 24 kDa XP_655760 EHI_155310 3.37 0 1 0
CPBF3 CPBF3
CPBF3 CPBF3 96 kDa XP_649180 EHI_161650 203.48 0 42 0
70 kDa Heat shock protein 73 kDa XP_654737 EHI_189590 14.80 2.64 12 3
CPBF4 98 kDa XP_655897 EHI.012340 12.02 0 1 0
CPBF4 CPBF4
CPBF4 CPBF4 98 kDa XP_655897 EHI_ 012340 152.30 0 34 0
CPBF3 96 kDa XP_649180 EHI_161650 15.49 0 2 0
Serine-threonine-isoleucine rich protein 260 kDa XP_001913596 EHI_004340 4.30 0 4 0
EhCP-A2 35 kDa XP_650642 EHI_033710 3.44 0 3 0
Galactose-specific lectin light subunit 34 kDa XP_001913429 EHI_049690 3.44 0 4" 0
CPBF5 CPBF5
CPBF5 CPBF5 96 kDa XP_654065 EHI_137940 172.19 0 33 0
70 kDa heat shock protein 73 kba XP_654737 EHI_199590 12,98 0 7 0
Galactose-specific lectin light subunit 34 kDa XP_656145 EHI_035690 6.92 0 5 0
Hypothetical protein 34 kDa XP_650601 EHI_047800 3.46 0 3 0
CPBF6” CPBF6 99 kDa XP_653036 EHI_178470
a-Amylase family protein 57 kDa XP_655636 EHI_023360
v-Amylase 75 kDa XP_652381 EHI_044370
CPBF7 CPBF7
CPBF7 CPBF7 100 kDa XP_649361 EHI_040440 344.40 3.14 33 0
p-N-acetythexosaminidase 64 kDa XP_656208 EHI_012010 17.95 0 5 0
B-N-acetylhexosaminidase, subunit 64 kDa XP_650273 EHI_007330 16.32 0 5 0
MPR1 24 kDa XP_656907 EHI_096320 13.06 0 4 0
Pore-forming peptide ameobapore B precursor 10 kDa XP_001913632 EHI_194540 9.79 0 3 0
70 kDa Heat shock protein 73 kDa XP_654737 EHI_199590 8.16 0 4 [¢]
Hypothetical protein 30 kDa XP_652382 EHI_044360 6.53 3.14 2 1
Hypothetical protein 17 kDa XP_650886 EHI_069510 3.26 1.57 1 1
Hypothetical protein 24kDa XP_655760 EHI_155310 3.26 0 1 0
Hypothetical protein 59 kDa XP_656261 EHI_178650 3.26 0 2 0
CPBF8* CPBF8 100 kDa XP_652899 EHI_059830
B-hexosaminidase, "alpha” sign-subunit 60 kDa XP_657529/A)582954° EHI_148130
Lysozymel 23 kDa XP_653294 EHI_199110
Lysozyme2 23 kDa XP_656933 EHI_096570
CPBF9 CPBF9
CPBF9 CPBF9 100 kDa XP_655360 EHI_021220 100.27 0 18 0
Hypothetical protein 18 kDa XP_656071 EHI_117850 10.29 0 1 0
70 kDa Heat shock protein 73 kDa XP_654737 EHI_199590 1029 0 3 0
Lysozyme2 23 kDa XP_656933 EHI_096570 7.71 1.52 1 1
. CPBF10 CPBF10
CPBF10 CPBF10 98 kDa XP_649015 EHI_191730 63.88 [ 12 0
a-Amylase 53 kDa XP_656406 EHI_153100 49.05 0 10 0
o-Amylase family protein 57 kDa XP_655636 EHI_023360 27.38 5.76 10 4
70 kDa Heat shock protein 73 kDa XP_654737 EHI_199590 25.09 4.61 11 3
Hypothetical protein 59 kDa XP_656261 EHI_178650 19.39 0 6 (Y]
g-Amylase 47 kDa XP_653896 EHI_192590 17.11 2.31 6 2
Hypothetical protein 71 kDa XP_651525 EHI_022130 4,56 0 3 0
Hypothetical protein 57 kDa XP_648234 EHI_025100 4.56 0 3 0
MPR1 24 kDa XP_656907 EHI_096320 3.42 0 3 0
CPBF11 CPBF11
CPBF11 CPBF11 86 kDa XP_656044 EHI_118120 89.53 0 23 0
70 kDa Heat shock protein 73 kDa XP_654737 EHI_198590 24.11 4.61 17 3

HA, hemagglutinin; EhCP, Entamoeba histolytica cysteine protease; MPR, mannose 6-phosphate receptor.

# From Furu

b From Fu 2204l 1201720

¢ XP_657529 (EHI_148130) ar;d AJ582954 are identical except that XP_657529 (EHI_148130) starts at the second methionine of AJ582954 and lacks the signal sequence,
¢ Quantitative values are shown for the identified proteins from the CPBF-HA and control transformants.

¢ The number of unique peptides detected are shown.

f This protein is similar to two other closely related proteins and the number of all detected peptides is shown.

CPBF6 and CPBF8 which have a serine-rich region (SRR) upstream
of the transmembrane domain (Furukawa et al. 2012, 2013). It was
previously demonstrated that a deletion of the SRR in CPBF8
caused a mobility shift in the predicted molecular masses and a
decrease in the ligand binding (Furskawa et al, 2012). In addition,
CPBF7 and CPBF10 showed close kinship with CPBF6 and CPBF8 by

phylogenetic analysis (Makada-Tsukui et al, 2012). While CPBF7
has a SRR (Furukaws et al, 2(12), there is no apparent SRR in
CPBF10; CPBF10 contains only two serine residues within the lumi-
nal portion near the transmembrane domain. There is no potential
N-glycosylation site, either, as predicted by NetNglyc 1.0 server
(hitp:fjwwwchsdindk/services/NetNGlyef).
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3.2, Immunoprecipitation of CPBF-binding proteins

All CPBF-HA- and mock-transfected E. histolytica lines were sub-
jected to immunoprecipitation with anti-HA antibody, separated
by SDS-PAGE and visualised with silver or SYPRO ruby stain
(¥ig. 1). Immunoprecipitation of the CPBF-HA proteins was con-
firmed in all transformants. Compared with the mock transfected
line (“HA” in ¥ig. 1), one extra band at approximately 70 kDa in
CPBF2-HA, three extra bands at approximately 60, 55 and 40 kDa
in CPBF10-HA, and one extra band around 45 kDa in CPBF11-HA
were detected (Fiz. 1). These specific bands were excised and sub-
jected to LC-MS/MS analysis. We also analysed whole immunopre-
cipitated samples from lysates of CPBF1, 2, 3,4, 5, 7,9, 10, 11 and
the mock control by LC-MS/MS. In the following sections, we cat-
egorised CPBF members based on their ligand specificities.

3.3. CPBF2, CPBF6 and CPBF10 bound to amylases

Three CPBFs, namely CPBF2 and CPBF10, as well as previously
identified CPBF6 (Fiirukawa et 3L, 2013), bound to a variety of amy-
lases. Silver staining of immunoprecipitated samples from CPBF2-
HA lysates after SDS-PAGE showed a specific 70 kDa band (Fig. 7).
LC-MS/MS analysis of the band (Supplementary Table $1)and the
whole immunoprecipitated sample (Tabie 1) indicated the protein

RN
,\,%,b;éw%

Fig. 1. SDS-PAGE analysis of immunoprecipitated mixtures of Entamoeba histolytica
cysteine protease binding protein families (CPBFs) and ligands. CPBF1, 2,3,4,5,7,9,
10 and 11-haemagglutinin (HA) were immunoprecipitated from the corresponding
transformant lines with anti-HA monoclonal antibody, separated by SDS-PAGE and
stained by (A, C) silver staining or (B) Sypro Ruby staining. (A) CPBF1, 3 and 4-HA;
(B) CPBF1, 10 and 11-HA; (C) CPBF1, 2, 5, 7 and 9-HA. Arrows indicate the bait
(CPBF-HA) immunoprecipitated, and arrowheads depict candidates for co-immu-
noprecipitated ligands, Note that immunoprecipitation and electrophoresis were
conducted in three independent experiments. * These bands were not reproducible.

to be a-amylase (XP_655699, EHI_152880), with 22% and 42% cov-
erage, respectively, and a high QV (122.5 for the whole sample).

The 60 and 55 kDa bands exclusively detected in CPBF10-HA
were identified as o-amylases (XP_655636 (EHI_023360) and
XP_656406 (EHI_ 153100)) with 23% and 25% coverage, respec-
tively (Suppiem sbiz 52). These two amylases were also
detected in the whole 1mmunoprec1p1tated sample from CPBF10-

Tabie 1). One should note that these two a-amylases were dif-
ferent from o-amylases that bind to CPBF2 (XP_655699,
EHI_152880). The 40 kDa band detected in the immunoprecipi-
tated sample from CPBF10-HA was not unequivocally assigned
(QV <4). Another «-amylase, XP_656406 (EHI_153100), was
detected from the 40 kDa band, despite a low QV (3) and being
more frequently detected in the 55 kDa band. Intriguingly, one o~
amylase (XP_655636, EHI_023360) was also identified as the cargo
of CPBF6 (Furukawa et al., 201 5) wh;ch shows phylogenetic kin-
ship with CPBF10 (Makada-1 = i, 241 2). In addition to these
o-amylases, B-amylase, XP_653896 (EHI_192590), was detected
from whole mixture.

Three a-amylases found as CPBF ligands in this study were pre-
viously detected in our phagosome proteome studies ({3kada et sl
2006, Purukawa et al, 2013). Arecent transcriptornic analysis using
the ex vivo human colon explant showed that trophozoites of the
virulent strain showed a remarkable up-regulation of genes impli-
cated in carbohydrate metabolism and processing of glycosylated
residues compared with the non-virulent strain (Thibeaux et al,
20113). It was shown in that study that among the carbohydrate
metabolism-related genes, B-amylase (XP_653896, EHI_192590)
was the most highly induced (approximately 17-fold increase) in
the virulent strain compared with the non-virulent strain. Further-
more, Thilzeaux o1 2l {2013 showed that the gene repression of
B-amylase caused a reduction in mucus layer degradation. Together
with our previous observation of B-amylase localization in phago-
somes (Furukawa et al, 2013), these findings suggest a role for
amylases and their corresponding CPBF receptors in pathogenesis.

Far

3.4. Polymorphism of amylases

There are at least five independent (non-allelic) a-amylase
genes (XP_656406, EHI_153100; XP_655636, EHI_023360;
XP_655699, EHI_152880; XP_649162, EHI_130690; XP_652044,
EHI_055650). Among these five a-amylases, CPBF2, 6 and 10 bind
to three of them (XP_656406, EHI_153100; XP_655636,
EHI_023360; and XP_655699, EHI_152880), all of which possess
the signal peptide. Among «-amylases that interact with CPBFs,
XP_655699 (EHI_152880) and XP_656406 (EHI_153100) specifi-
cally interact with CPBF2 and CPBF10, respectively, whereas
XP_655636 (EHI_023360) interacts with both CPBF6 and CPBF10.
XP_655636 (EHI_023360) is the most highly expressed mRNA
among all putative a-amylase genes, as demonstrated by our pre-
vious microarray analysis (Peyuiiar e al, 2412). This is one of the
two examples in which one ligand is recognised by more than one
CPBF (see below). Although it was previously shown that SRR is
essential for the binding of CPBF6 to «- and y-amylases
(Furukawa et al, 201%), CPBF10 appears to lack SRR. Possible
post-trans1at10nal modifications on CPBF10, as suggested by
slower migration on SDS-PAGE (see Section 3.1), and their involve-
ment in the ligand interaction needs to be investigated.

3.5. CPBF7 bound to f-hexosaminidase, similar to CPBF8, amoebapore
and MPR

Three possible lysosomal luminal proteins, two B-hexosaminid-
ases (XP_656208 (EHI_012010) and XP_650273 (EHI_007330)) and
an amoebapore B precursor, were detected in the whole immuno-
precipitated sample from CPBF7-HA (Tabie i), while those were
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not detectable by SDS-PAGE and silver staining (Fig. 1). The
E. histolytica genome encodes three B-hexosaminidases, two of
which were bound to CPBF7-HA, and the other, AJ582954
(XP_657529, EHI_148130), was recognised by CPBF8 (Furukawa
et al, 2012, Table 1). It was shown that this p-hexosaminidase
(AJ582954) is localised in cytoplasmic granules and phagosomes
(Rigkenberg et al, 2004; Furukawa et al, 2012) and all three $-
hexosaminidases have the signal peptide. Thus, unlike amylases,
all B-hexosaminidases seem to be carried by CPBFs. Both CPBF7
and CPBF8 have SRR, which was shown to be essential for p-hexos-
aminidase binding by CPBF8 (Fusukawa et al., 2012).

B-Hexosaminidases are involved in the hydrolysis of terminal-

N-acetyl-D-hexosamine residues in hexosaminides. When E. his-
tolytica trophozoites propagate extraintestinally, they take a route
similar to that during metastasis of cancer cells (Leroy ef al,, 1995),
which requires both proteases and glycosidases during the passage
of the basement membrane (Bernacki et al, 1985 Liotta, 1984).
Furthermore, it was shown that p-hexosaminidase activity is
involved in mucin degradation (Stewart-Tull 2t al., 1986). p-Hexos-
aminidase was found as one of the transcriptionally upregulated
genes after E. histolytica trophozoite’s contact with human colon
epithelia in an ex vivo model (Thibeaux et al, 2013). Taken
together, B-hexosaminidases and their traffic regulation are impor-
tant for the pathogenesis of E. histolytica.

Identification of amoebapore B precursor as a CPBF7 cargo is
important as amoebapores are described as major virulence factors
(Leippe er al, 2003). Amoebapores are the cytolytic peptides
homologous to granulysin, which is present in human cytotoxic
lymphocytes, displays potent cytolytic activity towards bacterial
and human cells, and forms ion channels in artificial membranes
(Leippe. 1947). Amoebapores are targeted to lysosomes and mainly
involved in degradation of ingested bacteria. Inhibition of expres-
sion of the amoebapore A gene by antisense or gene silencing
caused a reduction in virulence, suggesting that this protein plays
a key role in pathogenesis (Bracha et al, 1989, 2003).

One of two MPRs in E. histolytica, MPR1, was also found as a
CPBF7-binding protein. MPR1 is predicted to have a single carbo-
hydrate binding domain (CRD), but the a.a. residues implicated
for mannose 6-phosphate binding (Dahms et al, 2008) are not
conserved. We performed immunoprecipitation and LC-MS/MS
analysis of HA-tagged MPR1 but failed to identify the ligand
(Nakada-Tsukui et al., data not shown). It is of note that in Saccha-
romyces cerevisize Vps10p and a single CRD domain-containing
protein, Mrllp (Whyte and Murnyo, 2001), cooperatively function
in the traffic of lysosomal (vacuole in yeast) proteins, but no ligand
was assigned for Mrl1p. It is plausible that MPR1 and CPBF7 are
cooperatively involved in trafficking to lysosomes.

3.6. CPBF9 bound to lysozyme, similar to CPBF8

Lysozyme 2, XP_656933 (EHI_096570), was found to bind to
CPBF9-HA (Tabie 1), however it was not detectable by SDS-PAGE
or silver staining (¥ig. 1). It has previously been shown that lyso-
zyme 2 is also recognised by CPBF8 (Furukawa et al, 2012). Lyso-
zymes are encoded by six independent genes in the E. histolytica
genome and annotated as lysozymes or N-acetylmuraminidase.
Among them, the lysozyme 2 gene is the most highly transcribed
(Penuliar ef al, 2012). Lysozymes are well-known glycosidases
that degrade the bacterial cell wall (Chipran et al. 1867). It was
reported that lysozyme genes were poorly expressed in an aviru-
lent E. histolytica Rahman strain and in Entamoeba dispar
(MacFarlane and Singh. 2008; Davis et al, 2007). Furthermore,
expression of lysozyme genes was repressed when E. histolytica
trophozoites were treated with 5-azacytidine, a potent inhibitor
of DNA methyltransferase, and the repression of lysozyme genes
correlated with a reduction in virulence (A} et al,, 2008). We also

demonstrated that repression of CPBF8 gene expression by small
antisense RNA-mediated transcriptional silencing (Bracha et al,
1999, 2003) caused a decrease in the targeting of lysozyme 2 to
phagosomes and delay in digestion of ingested gram-positive bac-
teria (Furukawa et al, 2012). It was also reported that the SRR of
CPBF8 is glycosylated and glycosylation is important for the bind-
ing of p-hexosaminidase and lysozyme 2 (Furukawa et al, 2012).
CPBF9 has no SRR, and does not seem to have post-translational
modifications. These data indicate that mechanisms of interaction
between CPBF9 and lysozyme 2 must be different from those of
CPBF8 and lysozyme 2.

3.7. Identification of additional CPBF1 binding proteins

To further identify additional lysosomal proteins recognised by
CPBF1 other than previously identified CPs, we vigorously searched
for other binding proteins. Based on the criteria described in Sec-
tion 2.6, the proteins identified in four independent experiments
and those repeatedly detected (either in two, three or four out of
four experiments) are listed (Table 2). We detected a total of 20
proteins in four experiments. Among them, four proteins were
detected in all four experiments (EhCP-A2, EhCP-A4, EhCP-A5
and CPBF1 itself), while three other proteins were detected in
two or three experiments. EhCP-A1 and EhCP-A6 were detected
only in a single experiment (Supglementary Table $3).

None of the possible soluble lysosomal proteins, other than CPs,
were detected as CPBF1-HA binding protein, reinforcing the speci-
ficity of CPBF1 to CPs and verifying the stringency of the protocol
used in the study. We previously identified EhCP-A1 as one of
the cargos for CPBF1 by a pull-down experiment of CPBF1-HA, fol-
lowed by immunoblot analysis using anti-EhCP-A1 antibody
(Makada-Tsukui 2t al, 2012). One should note that anti-EhCP-A1
antibody cross-reacted with EnCP-A2 due to the high a.a. identity
(81%) (Mitya et al, 2007). In the present study, LC-MS/MS data
have clearly shown that CPBF1 preferentially interacts with
EhCP-A2 but not EhCP-A1. EhCP-A1 and EhCP-A2 are the two major
CPs with comparablly high expression levels, followed by EhCP-A5
in E. histolytica HM~1:IMSS (Tillack et al., 2007). EhCP-A4 is one of
the poorly expressed CPs, but suggested to be involved in the path-
ogenesis of invasive amebiasis (Tillack er i, 2007, He et al, 2010).
Reproducible detection of EnCP-A4 in all of the experiments indi-
cates the high affinity of CPBF1 toward EhCP-A4. Interestingly,
EhCP-A4 is localised to the nuclear region and the acidic compart-
ment (#e et al, 2010). The role of CPBF1 in the EhCP-A4 localiza-
tion needs to be elucidated. As more than 95% of the CP activity
of E. histolytica trophozoites is attributed to EhCP-A1, A2, A5 and
A7 (Bruchhaus et al, 2003, Irmer er al, 2009), the amounts of
CPs bound to CPBF1 does not seem to be proportional to their

Table 2
Reproducibility of identified cysteine protease binding protein family 1 (CPBF1)
binding proteins.

Accession number

Identified proteins MW GenBank AmoebaDB  Number of
experiments
in which the
protein was
identified

CPBF1 101 kDa XP_655218 EHI_164800 4

EhCP-A2 35kDa XP_650642 EHI_033710 4

EhCP-A4 34 kDa XP_656602 EHI_050570 4

EhCP-A5 35kDa  XP_650937 EHI.168240 4

70 kDa heat shock 73kDa  XP.654737 EHI_199590 3

protein

Mannosyltransferase ~ 49kDa  XP_650080 EHI_029580 2

Hypothetical protein 43 kDa  XP_649888 EHI_146110 2

EhCP, Entamoeba histolytica cysteine protease.
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expression levels, but determined by the ligand specificity of
CPBF1.

We reproducibly identified heat shock protein 70 (Hsp70)
(XP_654737, EHI_199590), which has the ER retention signal
(KDEL) at the carboxyl! terminus (three out of four experiments).
It is worth noting that this protein was repeatedly detected in all
immunoprecipitation experiments except for CPBF4. Mannosyl-
transferase, localised in the ER (Mazda and Kinoshita, 2008; Lol
aned Strahl, 2013), was also repeatedly identified (two out of four
experiments). Identification of the ER-residing Hsp70 and manno-
syltransferase suggests possible involvement of ER proteins in the
functionality of CPBF1. Hypothetical protein (XP_649888,
EHI_146110), with no detectable domain or motif, was detected
in two out of four experiments.

3.8. Analysis of ligands for CPBF3, CPBF4, CPBF5 and CPBF11

No known or possible hydrolases or membrane proteins were
detected either by SDS-PAGE analysis followed by silver staining
or LC-MS/MS analysis of the whole immunoprecipitated samples,
with a few exceptions: EhCP-A2 and a light subunit of galactose/
N-acetylgalactosamine-inhibitable lectin in CPBF4-HA (with low
QV, 3.44) (¥ig. 1, Table 1). Thus, no specific ligand was identified
for CPBF4. It may be worth noting that the pis of CPBF3, CPBF4,
CPBF11 (7.2, 6.5 and 6.5, respectively) are higher than those of
other members; the average pl value of the 11 CPBFs is 5.5.

CPBF3 was detected by immunoprecipitation of CPBF4-HA and
vice versa. CPBF3 and CPBF4 have high mutual a.a. identity (75%,
Supplementary Table 54). Three peptides detected in the CPBF3-
HA pull-down sample were mapped to CPBF4 (5% coverage).
Similarly, five peptides were mapped to CPBF3 in the CPBF4-HA
pull-down sample (7% coverage). These data indicate interaction
between CPBF3 and CPBF4.

Serine threonine isoleucine rich protein (STIRP) was found in
the immunoprecipitated sample from CPBF4-HA. Another isotype
of EhSTIRP (XP_656227.2, EHI_012330) was also detected,
although it was removed from 7Tal:ie 7 due to lack of the signal pep-
tide. Since the carboxyl-terminal regions of these proteins show
high mutual similarity (MacFaslane and Singh, 2007), detected
peptides did not differentiate two EhSTIRPs. EhSTIRP, which con-
tains a single transmembrane domain, was exclusively expressed
in virulent E. histolytica strains, but not in non-virulent E. histolytica
Rahman strain or E. dispar, and thus is considered to be a virulent-
associated protein (MacFarians and Singh, 2007). Possible interac-
tion between EhSTIRP and CPBF4 needs to be further verified.

A light subunit of galactose/N-acetylgalactosamine-inhibitable
lectin was found in the immunoprecipitated sample from CPBF4-
HA and CPBF5-HA. It is well established that this lectin is involved
in the interaction between E. histolytica and host cells/microbes,
and is essential for pathogenesis (Havdin ef al, 1988; Pervi er al,,
20(32). The lectin is composed of three subunits, i.e. heavy, inter-
mediate and light subunits (Petri et ai, 2002). The 170 kDa heavy
subunit with a transmembrane domain and the 31-35 kDa glyco-
sylphosphatidylinositol (GPI)-anchored light subunit form a
heterodimer by disulfide bonds. An intermediate subunit of
150 kDa is non-covalently associated with the heterodimer. All
three subunits are encoded by multigene families. There are five
genes for the heavy subunit, six to seven for the light subunit
and 30 for the intermediate subunit (Petyi et al, 2402). The fact
that only specific light subunits were associated with CPBF4 and
CPBF5, respectively, indicates that these light subunits together
with the corresponding CPBFs may be involved in trafficking of
the surface receptor in association with other lysosomal receptors.

CPBF5 was found to also interact with two additional proteins,
neither of which seems to be a potential lysosomal protein. Inter-
estingly, an immunofluorescence assay (¥ig. 2, see Section 3.9)

showed that CPBF5-HA is localised in lysosomes, as indicated by
colocalization with Lysotracker. This is in good contrast with other
CPBFs mainly localised in the ER/Golgi compartments, e.g., CPBF1,
CPBF6 and CPBFS. If it is assumed that the ligand-receptor binding
is affected by pH, as shown for CPBF1 (MNakada-Tsukui er al, 2812),
the conditions for pull-down experiments may need to be further
optimised to obtain the ligand of CPBF5.

A 45 kDa band was specifically detected in the immunoprecip-
itated sample from CPBF11-HA by SYPRO ruby staining (¥ig. 1), but
identified as CPFB11 itself by LC-MS/MS analysis (Supgismentary
Table 55). The whole immunoprecipitated sample was subjected
to MS analysis, but no additional binding protein was detected
(Tabie 1). Itis worth noting that mRNA expression of a gene encod-
ing a CPBF11 homologue in Entamoeba invadens, a reptilian sibling
of E. histolytica, is 4.7-9-fold upregulated after 24-120 h of ency-
station (De Cddiz et al, 2013). The finding may explain why no
CPBF11 ligand was discovered in trophozoites. Identification of
CPBF11 binding proteins from E. histolytica cysts may be needed.

3.9. Intracellular localization of CPBFs

Intracellular localization of CPBFs was examined by immnoflu-
orescence assay with anti-HA antibody using Lysotracker red
stained trophozoites of CPBF-HA-expressing lines (Fig. 2). CPBF2,
7, 9 and 10-HA were detected on vacuolar membranes and small
membrane structures scattered all over the cells. CPBF3, 4 and 11
were mostly localised on small membrane structures and hardly
detected on vacuolar membranes. In contrast, as briefly mentioned
3.8, CPBF5-HA was nicely colocalized with Lysotracker red, indicat-
ing lysosomal localization. However, CPBF5 was not identified in
our previous phagosome proteome study (kads et al, 2008,
Furukawa £t al, 2012), which may be due to low expression of
endogenous CPBF5. Partial colocalization was also observed for
CPBF2, 7, 9 and 10.

Localization of the CPBF proteins involved in the transport of car-
bohydrate digesting enzymes, CPBF2, CPBF7 and CPBF10, was simi-
lar to that of CPBF6 and CPBF8 (Furukawa etal, 20172,201%). They are
localised on both the vacuolar membrane and the small membrane
structures. It was previously shown that CPBF6 and CPBFS8 are co-
localised with pyridine nucleotide transhydrogenase (PNT), which
utilises the electrochemical proton gradient across the membrane
to drive NADPH formation from NADH (Yousuf et al, 2014).

3.10. Structure of CPBFs

To infer structural/functional domains in CPBFs we used FORTE
(Tomdi and  Alkiyama, 2004), which performs profile-profile
alignments for protein structure prediction. FORTE allowed us to
identify five PPC (bacterial prepeptidase carboxyl-terminal
domain)-like domains at the luminal portion of each CPBF. We
show here, as an example, the alignment of the putative amino-
terminal PPC domain (D1) of CPBF1 and the bacterial collagen-
binding domain (PDB code: 1NQJ) (Wilson et al, 2003) with the
highest Z-score calculated by FORTE (¥ig. 2A). 1NQJ belongs to
the PPC family (Pfam ID: PF04151) (Pusnta @i al, 2412), which
includes a large and diverse set of protein domains that possess
two B-sheets. The PPC domains are typically located at the car-
boxyl-termini of secreted proteases and may be involved in their
secretion and/or localization (Yeats et 4i, 2003 ). By manual inspec-
tion and sequence alignment, we identified an additional PPC-like
domain, D4, which was not inferred by FORTE. There are similari-
ties between individual PPC-like domains of each CPBF. We identi-
fied conserved cysteines and aromatic/hydrophobic residues in the
predicted B-strands of the six PPC-like domains of CPBF1 (Suppie-
meniary Fig. 52). Similarly, it appears that all CPBFs contain a
region consisting of six PPC-like domains in the luminal portion.
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HA lysotracke

CPBF10 CPBF8 CPBF7 CPBF5 CPBF4 CPBF3 CPBF2

CPBF11

merge

HA lysotracker

Fig. 2. Immunofluorescence images of Entamoeba histolytica cysteine protease binding protein families (CPBFs) 2, 3, 4, 5, 7, 9, 10 and 11. Trophozoites of the CPBF-
haemagglutinin (HA)-expressing transformants were incubated with Lysotracker Red, fixed, reacted with anti-HA antibody and confocal images were captured on LSM510.
Thirteen to 61 cells were examined in one to five independent experiments for each CPBF. Two representative cells are shown for each CPBF. Arrows depict Lysotracker

accumulation in the CPBF-positive vesicles and vacuoles. Bars = 10 pm.

A phylogenetic analysis of six PPC-like domains of 11 CPBFs indi-
cates that corresponding domains (e.g., D3) of all CPBFs tend to
form clusters (with limited bootstrap support) (Fig. 3B). This likely
implies, together with the fact that all CPBFs have similar domain
configuration, that individual corresponding domains (e.g., D3, D5)
retain distinct structural role(s).

3.11. PPC domain is a functional unit of the ligand binding of CPBF1

To investigate whether the binding activity of CPBF1 to CP can
be attributable to specific PPC domain(s), each PPC domain, CPBF1

domains 1-6 (D1-D6), was expressed as GST-fusion protein in
E. coli, with CPBF8 domain 1 (D1) as negative control and an
in vitro pull-down assay was performed (Figz. 4). Among the six
PPC domains of CPBF1, D3 showed significantly higher affinity
(P <0.05) compared with D1 and D6 (¥ig. 4C). D5 also showed sig-
nificantly higher affinity than D6 (P < 0.05). These results indicate
that single PPC domains per se have the ability of ligand binding.
D4 was truncated or degraded during expression and/or purifica-
tion and not used in the study (data not shown).

The mechanisms of ligand recognition of CPBFs have not been
elucidated. We previously showed that carbohydrate modifications
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Fig. 3. Prediction of the prepeptidase carboxyl-terminal domain in Entamoeba histolytica cysteine protease binding protein families (CPBFs) by FORTE. (A) Amino acid
sequence alignment of the putative N-terminal prepeptidase carboxyl-terminal domain of CPBF1 (shown as C1D1) and a bacterial collagen-binding domain (PDB code: 1NQ)),
constructed by FORTE. Predicted secondary structure and its confidence value, at each residue of the prepeptidase carboxyl domain, calculated by PSIPRED (% R T
20i¥3), are indicated in the “Pred” row and the “Conf” row, respectively. A greater value means higher confidence. In the “Pred” row, “E” indicates a B-sheet residue. In the
“DSSP" row, the secondary structure assignments for the structure of 1NQJ, determined by database of secondary structure assignments (DSSP), are shown. Predicted and
actual p-sheet residues are coloured in orange. (B) Phylogenetic analysis of six prepeptidase carboxyl domains from CPBFs. Confidence (bootstrap) values (only > 700), at
each branch, from 1000 resamplings are shown.
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of SRR are involved in ligand binding of CPBF6 and CPBF8
(Furukawa et al. 2012, 2013). However, only CPBF6-8 apparently
have SRR, whereas other CPBFs lack it. Further structural studies
are required to better understand the mechanisms of ligand recog-
nition, binding and dissociation, as well as ligand specificities.

CPBF
B e & @ PP &g
150+
e
50~
35

25+

o]

relative binding unit
o - ~N w =Y w <2} ~ (=]

C1b1 CiD2 cip3 CiD5 CiD6 GST c8bl

Fig. 4. Binding assay of individual domains of Entamoeba histolytica cysteine
protease binding protein family (CPBF) 1 to cysteine protease (CP)-A5, GST-fused
recombinant proteins containing each prepeptidase carboxyl-terminal (PPC)
domain (D1, 2, 3, 5 and 6) from CPBF1 were mixed with E. histolytica lysates and
purified with glutathione-conjugated beads. The CPBF/ligand mixtures were
separated by SDS-PAGE and either stained by Coomassie Brilliant Blue staining or
subjected to immunoblot analysis using anti-CP-A5 antibody. Note that GST-only
and GST fused with D1 from CPBF8 were used as negative controls. D4 was not used
in this assay because a large proportion of GST-CPBF1 D4 was degraded during
production or purification. Note that images shown in A and B were cropped from a
single image and combined. (A) Coomassie Brilliant Blue staining. An arrow
indicates GST-fused CPBF1 PPC domain recombinant (CPBF1 D1-D6) and CPBF3 D1
(an irrelevant control) used for pull down assays. *GST control. (B) Immunoblot
analysis. An arrow indicates CP-A5. *"Non-specific bands. (C) Quantification of
relative binding efficiency of individual prepeptidase carboxy! domains to CP-AS5.
Relative binding efficiency of each GST-prepeptidase carboxyl domain fusion
protein to CP-A5 was expressed after normalisation against the value of the GST
control (set to 1). S.D.s of three replicates are shown with error bars. ***Statistical
significance (P <0.05 by Student’s ¢ test).
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Metabolomic analysis of Entamoeba: applications and

implications

Ghulam Jeelani’ and Tomoyoshi Nozaki'-?

Entamoeba histolytica is an enteric protozoan parasite that
causes hemorrhagic dysentery and extraintestinal abscesses
in millions of inhabitants of endemic areas. The genome of E.
histolytica has already been sequenced and used to predict the
metabolic potential of the organism. Since nearly 56% of the E.
histolytica genes remain unannotated, correlative ‘omics’
analyses of genomics, transcriptomics, proteomics, and
biochemical metabolic profiling are essential in uncovering
new, or poorly understood metabolic pathways. Metabolomics
aims at understanding biology by comprehensive metabolite
profiling. In this review, we discuss recent metabolomics
approaches to elucidate unidentified metabolic systems of this
pathogen and also discuss future applications of metabolomics
to understand the biology and pathogenesis of E. histolytica.
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introduction

Amebiasis is a disease caused by a unicellular parasitic
protozoan K. Aistolytica. The World Health Organization
estimates that approximately 50 million people worldwide
suffer from invasive amebic infection, resulting in 40 to 100
thousand deaths annually [1]. Only metronidazole and
related compounds are commonly used against invasive
intestinal and extraintestinal amebiasis [2]. Although
clinical resistance against metronidazole has not yet been
demonstrated, a few limitations including low efficacy
against asymptomatic cyst carriers and sporadic cases of
treatment failure have been reported [2]. In addition, it has
been shown that this parasite adapts to subtherapeutic
levels of metronidazole in vitro [3]. Therefore, the de-
velopment of a novel prophylactics and chemotherapeutics

p
@ CrossMark

to control amebic infections is required and to this end,
identification of novel essential pathways and enzymes
that are expressed only under specific physiological con-
ditions, is particularly needed.

The draft genome of E. kistolytica was first published in
2005 [4]. New assembly and reannotation of the E. Zisto-
Hytica genome was published in 2010 [3]. Recently, Ehren-
kaufer ¢ a/. reported the sequencing and assembly of the
genome of a reptilian E. invadens species, which produces
symptoms similar to E. Aistolytica in humans [6°°]. Based
upon genome data, K. Zistolytica metabolic pathways were
predicted and tentatively reconstructed [7]. However, it is
not easy to comprehensively understand a full metabolic
capacity of the parasite. This is mainly because (1) annota-
tion of genes and pathways are not always faithful and
novel proteins and pathways are occasionally ignored, (2)
genes in the genome are not always simultaneously
expressed, but often expressed in developmental stage-
dependent or condition (e.g. stresses and nutrients)-de-
pendent fashions, and (3) metabolisms are regulated at
transcriptional, post-transcriptional, post-translational, and
cellular levels (e.g. antisense small RNA, phosphorylation,
feedback, and compartmentalization). To examine a cell’s
complete metabolism, a new discipline, termed metabo-
lomics, which aims to catalog all the metabolites in a given
cell, tissue, organ, or organism at any given time, has been
developed [8].

Metabolomic analysis has been widely applied to study
the systems biology of numerous model organisms,
including archeae [9], eubacteria [10], fungi [11], plants
[12], animals [13], and human cell tissue cultures [14].
For protozoan parasites, metabolomics has been used to
study host—parasite interaction of trypanosomatid para-
sites (see review by Creek ¢ 2/ [15°°]). Metabolomics
studies have been carried out in Leishmania (see [16] for
review), Trypanosoma (for review see [171), and Plasmo-
dium (see review by Laksmanan ¢z 4/. [18]). For instance,
metabolomic approaches have been used to identify
stage-specific and species-specific differences in the
metabolic networks of Leishmania [19]. Using '°C-
labeled carbon sources and gas chromatography-mass
spectrometry (GC-MS) approach, Saunders e a4/
revealed that L. mexicana promastigotes are dependent
on succinate fermentation to balance the energy and
redox state of glycosomes, and intriguingly, to maintain
mitochondrial TCA cycle anaplerosis [19]. Recently
Cobbold ¢z @/. [20] applied a rapid stable-isotopic label-
ing technique in combination with high resolution mass
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spectrometry to study blood-stage acetyl-CoA metab-
olism of the human malaria parasites P. falciparum. They
found that the pyruvate dehydrogenase-like enzyme,
likely the branched-chain keto acid dehydrogenase
complex, contributes glucose-derived acetyl-CoA to
the TCA cycle in a stage-independent process, whereas
anaplerotic carbon enters the T'CA cycle via a stage-
dependent phosphoenolpyruvate carboxylase/phos-
phoenolpyruvate carboxykinase process. This study
highlights the parasite’s ability to restructure metab-
olism to meet its developmental requirements. For
metabolomics analysis of parasitic protozoa in general,
we recommend to read a very comprehensive review
published by Paget ez al. [21°°].
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In this review we will focus on our recent discoveries of
global changes in Entamoeba metabolism in response to
environmental stresses and during stage transition by
targeted metabolome analysis. Key findings of these
studies are summarized in Figure 1. Application of the
metabolomics-based approaches discussed in this review
marks the first step toward systems biology-based un-
derstanding of Entamoeba metabolism and biology.

Central energy and amino acid metabolism in
Entamoeba: background

E. histolytica trophozoites are microaerophilic, and shown
to consume oxygen and tolerate low levels of oxygen
pressure [22].. E. histolytica lacks the general form of
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mitochondria as found in the aerobic eukaryotes, but
instead possesses a highly divergent mitochondrion-
related organelle, named mitosomes [23]. K. distolytica
mitosomes lack features of aerobic energy metabolism
including the tricarboxylic acid (T'CA) cycle and oxi-
dative phosphorylation, and energy generation is primar-
ily dependent on substrate level phosphorylation in
glycolysis and fermentation, which occur in the cytosol
[24]. In E. histolytica, pyruvate is converted to acetyl-CoA
by pyruvate:ferredoxin  oxidoreductase (PFOR), and
acetyl-CoA is either converted to acetate with a conco-
mitant ATP generation or reduced to ethanol with regen-
eration of NAD [25]. Glycolysis is the only pathway in .
histolytica for which kinetic parameters of enzymes have
been comprehensively investigated [26--28]. Recently
Pineda e a/. reported that under aerobic conditions the
bifunctional aldehyde-alcohol dehydrogenase exerts sig-
nificant flux control on ethanol and acetate production in
E. histolytica [29°).

Earlier studies using *C-labeled glucose showed that
more than 95% of labeled glucose was converted to
glycogen, carbon dioxide, ethanol, and acetate [30]. Only
a trace amount of label was found in protein, lipid, and
nucleic acid. Bakker-Grunwald e @/ using *C NMR
spectroscopy identified various abundant metabolites in
E. histolytica [31). Besides glycolysis, the catabolism of
amino acids also contributes to the generation of ATP. It
was demonstrated that in the absence of glucose, K.
histolytica and E. invadens preferentially consume several
amino acids (asparagine, arginine, leucine, threonine, and
serine) [32]. Baumel-Alterzon et #/. demonstrated using
DNA microarray that £. Aistolytica trophozoites that were
adapted to grow in the absence of glucose showed remark-
able changes in the gene expression of dihydropyrimidine
dehydrogenase, concomitant with increase in the viru-
lence [33°%]. Sulfur-containing amino acid metabolism is
also unique in this parasite. Despite the fact that amino
acid metabolism is largely reduced in the majority of
parasitic protozoa, unique sulfur-containing amino acid
metabolism are highly operational in E. Aéstolytica such as
de novo L-cysteine/S-methyleysteine (SMC) biosynthesis
and methione/homocysteine/cysteine degradation by
methionine y-lyase (MGL) [34].

Application of metabolomic analysis to the
understanding of encystation (stage
conversion)

Stage conversion is often accompanied by most drastic
biochemical and morphological changes. The transition
from the motile proliferating disease-causing trophozoites
to the dormant cyst form, named encystation, is essential
for parasite survival in the environment and transmission.
Jeelani ef al. recently investigated metabolic and tran-
scriptomic changes that occur during encystation in £.
invadens, which is a relative of E. Aistolytica from reptiles,
and, unlike E. kistolytica, encysts in iz vitro culture, using

capillary electrophoresis/time-of-flight mass spectrometry
(CE-Tol'MS) and DNA microarray analysis [35°°]. It was
demonstrated that as encystation progresses, the levels of
a majority of metabolites involved in glycolysis as well as
all nucleotides decreased markedly. Furthermore, inter-
mediates for chitin biosynthesis dramatically increased
(Figure 1). These findings agree very well with the notion
created by numerous previous works: energy generation
and storage ceases during and after encystation, and the
flux of glucose utilization shifts from glycolysis and fer-
mentation to chitin wall biosynthesis.

Surprisingly, intermediates of polyamine metabolism
showed remarkable changes during encystation. These
intermediates include putrescine, spermidine, spermine,
and N%-acetylspermidine, all of which were present in
trophozoites. Furthermore, the levels of these metab-
olites dramatically decreased and they were almost
deprived as encystation proceeded. Although there is a
possibility that polyamines are incorporated from the
culture medium, these findings led us to presume that
Entamoeba is capable of metabolizing these polyamines
during encystation, and the polyamine biosynthetic or
scavenging pathways exist in this organism. The fate of
polyamines is not well understood, but some polyamines
appear to be secreted by trophozoites (unpublished). The
presence of polyamine metabolism was totally unex-
pected because several genes encoding key enzymes such
as  S-adenosylmethionine decarboxylase, spermidine
synthase, and spermine synthase, known to be involved
in polyamine biosynthesis in other organisms, have not
been detected in the Entamoeba genome [4].

Second unexpected discovery was the production of -
aminobutyric acid (GABA). In other organisms like bac-
teria, fungi, mammals, and plants GABA is made from L-
glutamate in a single reaction catalyzed by glutamate
decarboxylase [36], which is missing in the Entamoeba
genome [4]. Thus, amino acid decarboxylases encoded in
the genome may play the equivalent role. Further inves-
tigations of the time kinetics of the changes in various
metabolites indicate that GABA is synthesized by
removal of the acetyl moiety from N-acetylputrescine
(Figure 1). GABA is a major inhibitory neurotransmitter
in the mammalian central nervous system. Role of GABA
during encystation is not clear. However, in Dictyostelium
discoideum, a soil-living ameba, GABA has been shown to
induce terminal differentiation (sporulation) through
GABAg receptor [37]. Further investigations such as
fluxomics using isotopic labeling should unveil the exact
pathway and enzymes involved in the formation of
GABA.

Another important and totally unexpected finding
revealed by metabolomics was the production of biogenic
amines, namely cadaverine, isoamylamine, and isobuty-
lamine, during encystation. Interestingly, the increase of
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individual biogenic amines was transient; biogenic
amines were increased only in the early phase of encysta-
tion (before apparent morphological and biochemical
changes), when the trophozoites formed large multi-
cellular aggregates (precyst), suggesting their role as
signaling molecules. Enzymes involved in the decarbox-
ylation of corresponding amino acids have not been
identified, while a gene encoding putative arginine/
lysine/ornithine decarboxylase is present. Future work
is needed to delineate whole genetic and metabolic net-
works that regulate synthesis and degradation of these
metabolites and their precise role in encystation.

Application of metabolomic analysis to the
understanding of oxidative stresses
Experimental conditions such as various nutrient sources
and stresses have been commonly used in well-charac-
terized microorganisms like E. cofi [38]. Similarly, E.
histolytica trophozoites were also tested for such environ-
mental conditions to understand the response [39]. E.
histolytica trophozoites are exposed to various reactive
oxygen or nitrogen species (ROS and RNS) during tissue
invasion, colonization in the intestine, and extra intestinal
propagation [39]. E. Aistolyrica lacks most of the com-
ponents involved in the usual antioxidant defense mech-
anisms in aerobic organisms, such as catalase, glutathione,
and the glutathione-recycling enzymes. E. fistolytica also
lacks glucose 6-phosphate dehydrogenase (G6PD), and
thus functional pentose phosphate pathway is absent to
yield NADPH [4]. However, the genome of E. kistolytica
encodes several proteins for detoxification of reactive
oxygen and nitrogen species (ROS, RNS), such as per-
oxiredoxin, superoxide dismutase, rubrerythrin, hybrid-
cluster protein, and flavo-di-iron proteins [40,41]. In
addition, E. Zistolytica also possesses pyridine nucleotide
transhydrogenase, and NADH kinase for NADPH syn-
thesis from NAD(H) [42,43°]. NAPDH is in turn utilized
in the detoxification of ROS and RNS. Recently Pearson
et al. utilized DNA affinity chromatography and mass
spectrometry to identify a new K. Aistolytica transcription
factor that plays a role in coordinately regulating gene
expression in response to hydrogen peroxide exposure
[440.1

Response to H,0,-mediated and paraquat-
mediated oxidative stress

Husain e «/. [45°°] investigated global metabolic
responses in response to H,Oz-mediated and paraquat-
mediated oxidative stress in K. Aistolytica trophozoites. In
this study, they showed that oxidative stress caused
changes in the metabolites involved in glycolysis and
its associated pathways, as evidenced by the accumu-
lation of glycolytic intermediates upstream of pyruvate,
and reduced ethanol production. They have further
shown that oxidative stress inactivated several key
enzymes of glycolysis and its associated pathways such as
PFOR, phosphoglycerate mutase, and NAD*-dependent
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alcohol dehydrogenase, and resulted in the inhibition of
glycolysis and the redirection of metabolic flux toward
glycerol production, chitin biosynthesis, and the non-
oxidative branch of the pentose phosphate pathway. As
a result of the repression of glycolysis and fermentation,
the levels of nucleoside triphosphates were decreased
upon H,0, stress, whereas the levels of nucleoside
monophosphates increased, in a manner opposite to the
decrement in their corresponding triphosphate counter-
parts. Both paraquat and H,O,-mediated oxidative stress
led to a decrement in L-cysteine and L-cystine, and a
slight increment in cysteine S-sulfinate, in a time-de-
pendent manner. These findings suggest that L-cysteine
is involved in scavenging of ROS in E. Aistolytica.

Metabolomic analysis in this study further demonstrated
the presence of functional glycerol biosynthetic pathway
(Figure 1) and functional glycerol 3-phosphate (Gly 3-P)
dehydrogenase (G3PDH) in this parasite. Gly 3-P was
one of the most highly affected metabolites upon oxi-
dative stress. It was speculated that dihydroxyacetone
phosphate, but not Gly 3-P, is mainly used for triglyceride
synthesis, because Gly 3-P yields ATP by glycerate
kinase. This could be the primary reason of the redirec-
tion of the glycolytic pathway upon oxidative stress.
However, the physiological significance of the increased
production of Gly 3-P and glycerol upon oxidative stress
need to be demonstrated.

L-cysteine deprivation

L-cysteine is the major low molecular weight thiol in E.
histolytica trophozoites and has been implicated in the
survival, growth, attachment, elongation, motility, gene
regulation, and antioxidative stress defense of this organ-
ism [46-49]. In wvitro growth of amebic trophozoites
requires high concentrations of L-cysteine, which can
be replaced by D-cysteine, L-cystine, or L-ascorbic acid,
indicating that the extracellular cysteine/cystine or thiols
have an indispensable role in parasite growth [50].

Under L-cysteine deprivation, two metabolites that had
never been demonstrated in K. JAistolytica, S-methyl
cysteine (SMC) and O-acetylserine (OAS), were shown
to be accumulated [51]. SMC is a sulfur-containing amino
acid that was never detected in protozoa, but is widely
present in relatively large amounts in several legumes,
where it is considered to serve as sulfur storage {52]. OAS
was presumed to be present in E. Aistolytica as it is a
substrate for the de novo synthesis of L-cysteine/SMC
(Figure 1). However, it was never demonstrated because
its steady state concentrations are kept very low due to
the product inhibition of serine acetyltransferase by L-
cysteine, or OAS has a short half-life, due to immediate
conversion to N-acetylserine. This study unequivocally
demonstrated that the pathway previously considered to
serve to produce L-cysteine de novo, is mainly involved in
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the production of SMC, the fate and physiological sig-
nificance of which are not yet fully understood.

L-cysteine depletion also resulted in reduced levels of S-
adenosylmethionine (SAM). SAM is, in general, a pre-
cursor for polyamine biosynthesis and the essential
methyl donor for numerous transmethylation reactions,
including DNA methylation [53]. L-cysteine also
regulates the Kennedy pathway (IFigure 1), the major
pathway for phospholipid biosynthesis. L-cysteine depri-
vation resulted in the accumulation of an unusual phos-
pholipid, phosphatidylisopropanolamine, and also
affected the composition and ratio of the major phospho-
lipids [51]. Under vL-cysteine-depleted conditions, the
synthesis of isopropanolamine, isopropanolamine phos-
phate, ethanolamine phosphate, and choline phosphate
was elevated, while phosphatidylethanolamine synthesis
was inhibited. These findings indicate dramatic modu-
lations in phospholipid metabolism under L-cysteine
deprivation. Further investigation is needed to under-
stand the physiological role of phosphatidylisopropano-
lamine, its derivatives, and related pathways, which are
potentially a new attractive drug target for the develop-
ment of new chemotherapeutics against amebiasis.

Conclusion and perspective

Elaborate investigation at the metabolic level is particu-
larly important to understand role of metabolism in para-
sitism and pathogenesis, and also to develop new
chemotherapies against pathogens, in which metabolic
processes dissimilar to those from humans are reasonable
drug targets. Furthermore, as profound metabolic disturb-
ances often underlie the microbicidal effects of drugs, the
mode of drug action can be easily and rationally probed by
metabolomics approaches. Metabolomics also allows elu-
cidation of the mechanisms of drug resistance of parasites.
Discoveries of new metabolic biomarkers in infected
humans may also yield reliable diagnostic measures (diag-
nostics), predictors of treatment outcome (e.g. drug resist-
ance), and related clinical polymorphisms (e.g. severity of
disease, tissue tropisms). An understanding of metabolic
networks of parasites will be further improved by com-
bining metabolomic analysis with other profiling technol-
ogies, especially proteomics, and integrative techniques
like metabolic control analysis [54].

Future applications of metabolomics toward an under-
standing of Entamoeba metabolism also include metabolic
profiling of the organelles. Metabolomic analysis of mito-
somes is of particular interest because of their unique
unprecedented compartmentalization of sulfate acti-
vation. Metabolomics should in general unveil metabolic
roles of the highly divergent mitochondrion-related orga-
nelles in anaerobic eukaryotes (see review by Makiuchi
e¢ al) [55°7]. In summary, metabolomics-based
approaches are practically the best solution toward rec-

lamation of new areas of Entamoeba metabolism and
biochemistry.
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ABSTRACT L-Cysteine is essential for virtually all living organisms, from bacteria to higher eukaryotes. Besides having a role in
the synthesis of virtually all proteins and of taurine, cysteamine, glutathione, and other redox-regulating proteins, 1-cysteine has
important functions under anaerobic/microaerophilic conditions. In anaerobic or microaerophilic protozoan parasites, such as
Entamoeba histolytica, L-cysteine has been implicated in growth, attachment, survival, and protection from oxidative stress.
However, a specific role of this amino acid or related metabolic intermediates is not well understood. In this study, using stable-
isotope-labeled 1-cysteine and capillary electrophoresis-time of flight mass spectrometry, we investigated the metabolism of
L-cysteine in E. histolytica. [U-'>C3, 15N]1L-cysteine was rapidly metabolized into three unknown metabolites, besides L-cystine
and L-alanine. These metabolites were identified as thiazolidine-4-carboxylic acid (T4C), 2-methyl thiazolidine-4-carboxylic acid
(MT4C), and 2-ethyl-thiazolidine-4-carboxylic acid (ET4C), the condensation products of L-cysteine with aldehydes. We demon-
strated that these 2-(R)-thiazolidine-4-carboxylic acids serve for storage of 1-cysteine. Liberation of L-cysteine occurred when
T4C was incubated with amebic lysates, suggesting enzymatic degradation of these L-cysteine derivatives. Furthermore, T4C and
MT4C significantly enhanced trophozoite growth and reduced intracellular reactive oxygen species (ROS) levels when it was
added to cultures, suggesting that 2-(R)-thiazolidine-4-carboxylic acids are involved in the defense against oxidative stress.

IMPORTANCE Amebiasis is a human parasitic disease caused by the protozoan parasite Entamoeba histolytica. In this parasite,
L-cysteine is the principal low-molecular-weight thiol and is assumed to play a significant role in supplying the amino acid dur-
ing trophozoite invasion, particularly when the parasites move from the anaerobic intestinal lumen to highly oxygenated tissues
in the intestine and the liver. It is well known that E. histolytica needs a comparatively high concentration of L-cysteine for its
axenic cultivation. However, the reason for and the metabolic fate of L-cysteine in this parasite are not well understood. Here,
using a metabolomic and stable-isotope-labeled approach, we investigated the metabolic fate of this amino acid in these para-
sites. We found that L-cysteine inside the cell rapidly reacts with aldehydes to form 2-(R)-thiazolidine-4-carboxylic acid. We
showed that these 2-(R)-thiazolidine-4-carboxylic derivatives serve as an L-cysteine source, promote growth, and protect cells
against oxidative stress by scavenging aldehydes and reducing the ROS level. Our findings represent the first demonstration of
2-(R)-thiazolidine-4-carboxylic acids and their roles in protozoan parasites.

%n all living organisms from bacteria to higher eukaryotes,
/L-cysteine is implicated in a number of essential biochemical
processes, including stability, structure, regulation of catalytic ac-
tivity, and posttranslational modifications of various proteins (1).
L-Cysteine is required for the synthesis of a variety of biomol-
ecules, including methionine, glutathione, trypanothione, coen-
zyme A, hypotaurine, taurine, and cysteamine, as well as iron-
sulfur (Fe-S) clusters, which are involved in electron transfer,
redox regulation, nitrogen fixation, and sensing for regulatory
processes (2, 3). The fact that reduced sulfur in 1-cysteine (thiol,
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SH) is strongly nucleophilic makes it react easily with electrophilic
compounds. However, the highly reactive thiol group also makes
L-cysteine rather toxic to the cell (4, 5). Therefore, L-cysteine itself
is maintained at relatively low levels, sufficient for protein synthe-
sis and the production of essential metabolites but below the
threshold of toxicity (5).

Entamoeba histolytica is an enteric protozoan parasite that
causes colitis, dysentety, and extraintestinal abscesses in millions
of inhabitants of areas of endemicity (6). This parasite is generally
considered microaerophilic, because it consumes oxygen and tol-
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FIG1 Scheme of transsulfuration, L-cysteine uptake, and sulfur-assmllatory de novo cysteine biosynthesis in E. htstolyaca Abbreviations: CS, cysteine synthase
(O-acetyl-L-serine sulfhydrylase, EC 2.5.1.47); MAT, methionine adenosyltransferase (S-adenosyl-L-methionine synthetase, EC 2.5.1.6); MGL, methionine
y-lyase (L-methioninase, EC 4.4.1.11); MT, various methyltransferases (EC 2.1.1.X); NifS, cysteine desulfurase (EC 2.8.1.7); OAS, O-acetylserine; SAH, S-
adenosylhomocysteine; SAHH, adenosylhomocysteinase (S-adenosyl-L-homocysteine hydrolase, EC 3.3.1.1); SAM, S-adenosylmethionine; SAT, serine

O-acetyltransferase (EC 2.3.1.30); SMC, S-methylcysteine.

erates low levels of oxygen pressure. However, the parasite lacks
most of the components of antioxidant defense mechanisms, such
as catalase, peroxidase, glutathione, and the glutathione-recycling
enzymes glutathione peroxidase and glutathione reductase (7, 8).
L-Cysteine is the principal low-molecular-weight thiol in E. histo-
lytica trophozoites and is required for the survival, growth, attach-
ment, elongation, motility, gene regulation, and antioxidative
stress defense of this organism (9-12). There are a number of
peculiarities in the metabolism of sulfur-containing amino acids
in E. histolytica (Fig. 1). First, the organism lacks both forward and
reverse transsulfuration pathways and thus is unable to intercon-
vert L-methionine and L-cysteine (13). Second, it possesses methi-
onine y-lyase (MGL; EC 4.4.1.11), an enzyme that directly de-
grades L-methionine, L-homocysteine, and L-cysteine (14, 15).
Third, E. histolytica possesses a pathway for de mnovo
S-methylcysteine (SMC)/1-cysteine biosynthesis (16-18). Al-
though de novo L-cysteine biosynthesis occurs in a wide range of
bacteria and plants, L-cysteine production per se has not been
demonstrated in E. histolytica trophozoites cultivated in vitro. In-
stead, the pathway is assumed to be involved primarily in the
synthesis of SMC (18). Consistently with the notion that this path-
way does not yield L-cysteine, amebic trophozoites require high
concentrations of L-cysteine in culture for growth, which can be
replaced by D-cysteine, L-cystine, or L-ascorbic acid, indicating
that the extracellular cysteine/cystine, thiols, or reductants can
play an interchangeable role (19). In most eukaryotes, where glu-
tathione is the major thiol, L-cysteine is maintained at levels
manyfold lower than those of glutathione (20). In contrast, E. his-
tolytica, due to loss of glutathione metabolism, relies on L-cysteine
as a major redox buffer (9, 13, 21). Therefore, the significance of
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L-cysteine and its metabolism in this organism remains a conun-
drum.

The premise that extracellular or incorporated L-cysteine is
important for cellular activities and homeostasis in E. histolytica
prompted us to study the metabolic fate of extracellular L-cysteine
in this parasite. Stable-isotope tracing is a powerful technique to
investigate the metabolism of different carbon and nitrogen
sources in microbial pathogens, such as Salmonella enterica sero-
var Typhimurium (22), Leishmania mexicana (23), Toxoplasma
gondii (24), and Plasmodium falciparum (25). Stable-isotope la-
beling has provided vast improvements in both metabolite iden-
tification and pathway characterization (26). Isotopic enrichment
in a wide range of intracellular and secreted metabolites can read-
ily be measured using either mass spectrometry (MS) or nuclear
magnetic resonance (NMR), providing quantitative information
on metabolic networks (27-29). In this study, we have exploited
this approach by using *C3- and !®N1-labeled cysteine sources
and capillary electrophoresis-time of flight MS (CE-TOFMS) to
unveil the fate of L-cysteine metabolism in E. histolytica. Further-
more, we have demonstrated the physiological role of the identi-
fied L-cysteine derivatives.

RESULTS AND DISCUSSION

In vivo derivatization of stable-isotope-labeled 1-cysteine by
E. histolytica trophozoites. To investigate L-cysteine metabolism
in E. histolytica, trophozoites were cultured in the presence of
8 mM stable-isotope (U-13C3, !°N1)-labeled L-cysteine in
L-cysteine-deprived BI-S-33 medium and the turnover of intracel-
lular metabolites was monitored by CE-TOFMS at 0.5, 3, 9, and
24 h (see Table S1 in the supplemental material). Upon the addi-
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