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ARTICLEINFO ABSTRACT
Article history: Entamoeba histolytica is the protozoan parasite agent of amoebiasis, an infectious disease of
Received 21 February 2014 the human intestine and liver. Specific active pathogenic factors are secreted toward the
Accepted 18 July 2014 external milieu upon interaction of the parasite with human tissue. Trafficking dynamics
Available online 7 August 2014 and secretion of these factors is not known and characterization of the dynamics interplay
of subcellular compartments such as the ER or Golgi apparatus is still pending. In this work,
Keywords: we took advantage of cell fractionation and a wide proteomic analysis to search for
Traffic principal components of the endomembrane system in E. histolytica. Over 1500 proteins
Endomembrane system were identified and the two top categories contained components of trafficking machinery
Entamoeba and GTPases. Trafficking related proteins account for over 100 markers from the ER, Golgi,

MVB, and retromers. The lack of important components supporting Golgi polarization was
also highlighted. The data further describe principal components of the endosomal traffic
highlighting Alix in isolated vesicles and during parasite division.

Biological significance
This work represents the first in-depth proteomics analysis of subcellular compartments in E.
histolytica and allows a detailed map of vesicle traffic components in an ancient single-cell organism
that lacks a stereotypical ER and Golgi apparatus to be established.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction vesicular transport hypothesis states that the transfer of

cargo molecules between organelles of the secretory pathway
Trafficking pathways between organelles are highly con- is mediated by shuttling transport vesicles. This means that a
served between mammalian, plant, and yeast cells. The donor compartment (vesicle budding) buds by a selective
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process for the incorporation of cargo into the forming
vesicles while retaining resident proteins in the donor
compartment (protein sorting). The vesicles are subsequently
targeted to a specific acceptor structure (vesicle targeting),
into which they unload their cargo upon fusion of their
limiting membranes (vesicle fusion). All of these steps are
regulated so that a large amount of cargo can be transported
without compromising the integrity or composition of the
known organelles: Endoplasmic reticulum (ER), Golgi appara-
tus, lysosomes, early endosomes, and multivesicular bodies
(MVB).

Typically, the ER is organized into branching tubules and
flattened sacs that are interconnected, and comprised of a
nuclear envelope, membrane sheets, tubules and cisternae
[1]. It is a highly dynamic structure within the diverse
eukaryotic cells; where the global morphology of the ER is
well conserved as well as its cargo and lipid secretory
mechanisms [2]. The Golgi apparatus, responsible for receiv-
ing, processing, and sorting newly synthesized proteins and
lipids through the secretory pathway, consists of four to six
flattened micron-sized membrane-bound cisternae arranged
as a stack with surrounding vesicles and fenestrated margins
that can take the form of tubules and tubular networks [3].
According to the species being studied, the morphology of the
Golgi apparatus can differ. It can be organized as individual
cisternae in Saccharomyces cerevisiae [4], as single stacks in
plants [5] and parasites such as Trypanosoma brucei [6], or as
pairs of stacks in Drosophila [7]. Biochemically, several models
have been proposed to explain the protein and lipid sorting
through the Golgi apparatus [8]. Overall, they share some
principal steps, with the first taking place in earlier (cis)
cisternae, where proteins arrive from the ER and the last steps
at later (trans) cisternae, where cargo departs for the plasma
membrane and other post-Golgi destinations. In between,
COPI vesicles bud from Golgi cisternae [9], SNAREs (soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tors) mediate specific membrane fusion [10], BAR and related
proteins create tubular networks [11], Rab proteins create
functional domains within a single membrane [12], and
vesicles are tethered at target membranes [13].

In the parasite Entamoeba histolytica, the causative agent of
amoebiasis, an interesting aspect of its cellular biology is that
this single-celled organism lacks visible classical organelles
such as mitochondria and rough ER although it has Golgi/ER
associated functions [14-16] and contains remnant mitosomes
where the major function in E. histolytica is that of sulfate
activation [17]. Initial studies through cellular fractionation
revealed the ER marker BiP (heat shock protein 70-related)
present in the endomembrane system of E. histolytica [16].
Furthermore, calreticulin, another ER protein marker, is found
in cytotoxic complexes such as uropod caps [18], and within
phagocytic-structures [19] providing a possible link between the
pathogenesis process and the localization of certain ER protein
markers. Resident luminal ER proteins containing the KDEL
sequence motif are retained in the lumen of the ER [20]. Using
the green fluorescent protein (GFP) and the KDEL retrieval motif
[16], the presence of a continuous ER compartment has been
suggested. More recently, it was found that nitric oxide, an
intracellular messenger known to be one of the most versatile
players in the immune system, dramatically provokes extensive

ER fragmentation in E. histolytica [21]. Proteins are translocated
into the ER lumen or integrated into the ER membrane through a
channel formed by the heterotrimeric Sec61 complex, which is
formed by subunits «, B, and y. The Sec6la subunit has been
identified in E. histolytica where it shows an irregular staining
pattern throughout the cytoplasm and is also found on the cell
surface. Sec6la downregulation affects cell proliferation, sub-
cellular distribution of two virulence factors, and the ability of
the trophozoites to cause liver abscess in hamsters [22]. In
addition, two ER protein markers, ERD2 (ER luminal protein
receptors) which mediated retrograde transport and PDI (protein
disulfide isomerase) exhibit a redistribution in the cytoplasm
upon interaction with Brefeldin A (BFA), a fungal metabolite that
causes the redistribution of Golgi proteins to the ER and the
subsequent collapse of the Golgi stacks [23].

Important proteins with homology to the Golgi mammali-
an system have been described in Entamoeba, such as the
N-ethylmaleimide-sensitive factor (NSF), which is responsible
for the disassociation of SNARE complexes after fusion with
the target membranes by ATP hydrolysis [24]. The NSF protein
shares a 40% homology with human NSF and has ATPase
activity and intra-Golgi transport activity in vitro. In addition,
the gene homologues of SNAP, t-SNARE, and v-SNARE were
also identified in the E. histolytica genome databases. The data
implies that the parasite contains the essential components
for vesicle trafficking and fusion, which has yet to be fully
described. Further analysis of the amoebic genome identified
an unusual high number of genes encoding Ras-related
proteins from the small GTPase family exceeding those of
mammals or plants dedicated to vesicular sorting [25]. These
genome predictions suggest that endosome/exosome traffick-
ing functions may be highly active in E. histolytica. For
example, the diversity and complexity of Rab proteins present
in E. histolytica likely reflect vigorous and dynamic membrane
transport and reliance on Rab proteins for vesicular trafficking
specificity [25]. Specifically, two Rab proteins, Rab5 and
Rab7A, have been identified and are associated with the
phagosomal cup during engulfment of human cells, a
characteristic process for E. histolytica. A subset of proteins
known as the vacuolar protein sorting (Vps) in yeast that
interact with these Rab proteins was also identified during
phagocytosis and include: Vps26p, Vps35p, and Vps29p [26,27]
as well as Vps4p, an ATPase ESCRT protein associated with
the cytopathic activity of E. histolytica [28].

E. histolytica possesses a high content of vesicles, although
the mechanism of vesicle sorting and secretion that plays an
important role in the delivery of pathogenic factors to human
cells is so far unknown. Therefore, this work focused on the
characterization of the internal membranes from E. histolytica by
proteomics. Electron microscopy demonstrates that the internal
membrane fraction contains vesicles and vacuoles with a
delimiting membrane with some electron dense content. Our
detailed proteomic analysis of the endomembrane system
identified proteins relevant to the ER, vesicle translocation,
sorting, glycosylation and components of the Golgi, endosomes,
and MVBs. Vesicle fusion proteins such as COPI and II
components and SNARES were found and the newly identified
Alix-like protein, all of which are relevant to the endosomal
sorting and traffic pathway. Relevant cargo molecules including
main virulence factors were found to be associated with the
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endomembrane fraction. Abundance of some identified factors,
absence of important Golgi markers, and discovery of new
proteins essential for vesicular transport provide an intricate
picture of vesicular transport in E. histolytica.

2. Materials and methods
2.1. Cell strains and culture

The axenic E. histolytica strain HM1:IMSS was cultivated in
TYIS-33 medium at 37 °C [29].

2.2. Cell fractionation

E. histolytica subcellular fraction separation was performed as
described before [30] with some modifications. A trophozoite
pellet corresponding to 2 x 108 cells was resuspended in
10 mM MgCl, and 10 mg Concanavalin A (ConA, Sigma) with a
5 minute incubation on ice. Then, the solution was centrifuged at
500 g to eliminate the excess of ConA. The pellet was resuspend-
ed in 10 mM Tris-HCl buffer with 1 mM MgCl, and 2 mM AEBSF
and left on ice for 10 min. Trophozoites were then lysed by a glass
Dounce Homogenizer (18 to 20 strokes). The solution obtained
was added to a sucrose-manitol gradient (0.58:0.50 M) and
centrifuged 30 min at 250 g. The pellet (C1) corresponded to
membranes and the supernatant (S1) corresponded to vesicles
and cytoplasm. The S1 fraction was centrifuged at 40000 g for 1 h
in order to collect the vesicles in the pellet C2. The supernatant
from this last fraction, S2, corresponded to the cytoplasm. The
vesicle fractionation was performed as previously described [31].
Basically, the C2 fraction was resuspended in a 10 mM Tris-HCl
buffer with 0.25 M of sucrose, 1 pg/ml leupeptin, 1 mM DTT, and
0.5 mM AEBSF, and the sum added to a sucrose gradient (38%,
30%, 25%, and 15%) for centrifugation at 170000 g for 1 h. Each
pellet collected was then centrifuged again at the same speed
and time.

The C1 fraction was then resuspended in 10 mM Tris-HCl
with 1 M methyl-mannoside and incubated for 30 min on ice.
The solution was then centrifuged for 10 min at 250 g. The
pellet was resuspended in the previous buffer with a ratio of
1:3 Tris-HCl and 1 M methyl-mannoside, and then homoge-
nized and added to a 20% sucrose solution and centrifuged for
30 min at 250 g. The supernatant was centrifuged for 1 h at
40000 g. The pellet obtained contained the membranes and
was resuspended in 10 mM Tris-HCI with protease inhibitors
and kept at —20 °C until further use. The internal membrane
and plasma membrane fractions were controlled by western
blots for the presence of CRT (with and amoebic specific
anti-CRT (1:200 [18])), for NSF (with a monoclonal anti-NSF
1:50; Santa Cruz clone E6), the lysine and glutamic rich protein
KERP1 (monoclonal antibody C2-7, our laboratory) and the
heavy chain of the Gal/GalNAc lectin (polyclonal antibody, our
laboratory).

2.3. High pressure freezing and freeze substitution for
transmission electron microscopy (TEM)

Trophozoites were concentrated by centrifugation at 600 g.
The pellet was carefully resuspended and the suspension was

taken up in capillary tubes (Leica, Vienna, Austria) as
described [32]. The filled tube was separated by clamping
into segments of less than 2 mm and placed into the 200 pm
deep cavity of a brass planchette, Type A (Agar Scientific,
Stanstad, England) filled with 1-hexadecen. With the flat side
of the complementary Type B planchette the filled planchette
was closed and frozen with the HPM 010 (Baltec, now Abra
Fluid, Wichau, Switzerland).

Freeze-substitution was performed in anhydrous acetone
(EMS, Hatfield, USA) containing 1% osmium tetroxide (Merck,
Darmstadt, Germany). 1-Hexadecen is insoluble at —90 °C in
dry acetone. For the substitution mix to access the sample,
small cracks were introduced under liquid nitrogen in the
solid hexadecen by application of gentle pressure with
pre-cooled fine point forceps (#5, Dumont, Switzerland).
Substitution was done at —-90 °C for 24 h, and at -60 °C and
-30 °C for 8 h each in an automated substitution device (Leica
AFS, Leica Microsystems, Vienna, Austria). Next, the tempera-
ture was raised to 0 °C and the samples were washed with dry
acetone and embedded stepwise in Epon. Thin sections were cut
with an Ultracut UCT microtome (Leica Microsystems, Vienna,
Austria). Sections were collected on 200 mesh formvar coated
copper grids and poststained with 4% uranyl acetate and
Reynold’s lead citrate. Images were taken with a Jeol 1010 at
80 kV with a KeenView camera (Olympus, Soft Imaging Sys-
tems, Miinster, Germany).

2.4. Immunolabeling of the endomembrane fraction for TEM

10 pl of the endomembrane fraction were adhered to the
200 mesh formvar coated copper grids for 20 min at RT. After
a brief rinse in 0.1 M Hepes, pH 7.4, the sample was fixed with
4% paraformaldehyde in 0.1 M Hepes for 20 min. Next, free
aldehydes were quenched with 50 mM NH,CI in PBS before
incubation with the rabbit anti-Alix antibody. The bound
antibody was visualized with protein A gold (10 nm, CMC
Utrecht, The Netherlands). Grids were contrasted using 0.4%
uranyl acetate in 1.8% methylcellulose.

2.5. Localization of proteins by immunofluorescence in
E. histolytica

Trophozoites were grown for 48 h as previously described on
glass coverslips. Parasites were washed in Dulbecco’s Phos-
phate Buffer (DPBS) and then fixed with 4% methanol-free
formaldehyde for 30 min at 37 °C then washed with 0.1 M
glycine DPBS and permeabilized with 0.5% Triton X-100 for
2 min. Samples were blocked with 3% BSA-DPBS for 1 h. The
samples were labeled with an amoebic specific anti-CRT
(1:200 [18]), a monoclonal anti-NSF (1:50; Santa Cruz clone
E6), a rabbit polyclonal anti-Alix (1:200; prepared for this work).
For secondary antibodies, goat anti-rabbit Alexa Fluor 488
antibody or goat anti-rabbit Alexa Fluor 546 antibody, respec-
tively (1:200; Molecular Probes) were used. Coverslips were
washed again in PBS and mounted with ProLong antifading
reagent containing DAPI (Molecular Probes). Images were
acquired in Z-stacks with an LSM700 confocal microscope
(Zeiss). To prepare anti-Alix specific antibodies the following
peptides "“’NPPPLQENNTSKPYP and 77*TVSKSNQPVNRYPTT
from the Alix (EHI_167710) sequence were injected together
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into two rabbits according to protocols of a private company
(Eurogentec, Belgium), sera were recovered upon three immu-
nization steps.

2.6. Preparation of samples for proteomics analysis

Proteins from the internal membrane fraction (50 pg) were
precipitated with the methanol-chloroform method [33] and
the resulting dried pellet was dissolved in freshly prepared
digestion buffer (8 M urea in 25 mM NH4HCOs). Samples were
reduced with 5 mM TCEP (45 min, 37 °C) and alkylated with
50 mm iodoacetamide (60 min, 37 °C) in the dark. Samples
were diluted with 25 mM NH4HCO; to a final concentration of
1M urea and digested overnight at 37 °C with sequencing
grade trypsin gold (1 pg, Promega, USA). After digestion,
peptide mixtures were acidified to pH 2.8 with formic acid
and desalted with minispin C18 columns (Nestgrp, USA). Samples
were dried under vacuum and resolubilized in 0.1% formic acid
and 2% acetonitrile before mass spectrometric analysis.

2.7. Liquid chromatography—mass spectrometry (LC-MS/MS)
analysis of proteins

The tryptic peptide samples (1 ul roughly containing 1 ng)
were separated by reverse-phase chromatography for each
experiment via Thermo Scientific Proxeon nano LC using a
C18 picofrit analytical column (360 um OD, 75 pm ID, 10 pm
tip, Magic C18 resin, 5 pm size, Newobjective, USA). The HPLC
was coupled to an LTQ-Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific). Peptides were loaded onto the
column with Buffer A (2% acetonitrile, 0.1% formic acid) and
eluted with 120 min linear gradient from 2 to 40% buffer B
(80% acetonitrile, 0.1% formic acid). After the gradient the
column was washed with 90% buffer B and finally equilibrated
with buffer A for the next run. The mass spectra were
acquired in the LTQ Orbitrap Velos with full MS scan (RP
30000) followed by 10 data-dependent MS/MS scans with
detection of the fragment ions in the FTMS HCD mode (RP
7500). Target values were 1 x 10° for full FT-MS scans and
5 x 10* for FT-MS MSn scans. The ion selection threshold was
set to 5000 counts.

2.8. Proteomic data analysis

Data analysis was performed using Thermo Proteome Discov-
erer software suite (version 1.4). For the search engine SEQUEST,
the peptide precursor mass tolerance was set to 10 ppm, and
fragment ion mass tolerance was set to 0.6 Da. Carbamido-
methylation on cysteine residues was used as fixed modifica-
tion, and oxidation of methionine along with N-terminal
acetylation was used as variable modifications. Spectra were
queried against the E. histolytica UniProt database. In order to
improve the rate of peptide identification percolator node in
Proteome Discoverer was utilized with the false discovery rate
(FDR) set to 1% for peptide and protein identification.

In order to determine the absolute abundance of different
proteins within a single sample we used iBAQ feature of
MaxQuant version 1.4.0.5 software using default search
parameters [34,35]. The results of Proteome Discoverer and
MaxQuant searches were arranged together. The mass

spectrometry proteomics data have been deposited to the
open access library of the ProteomeXchange Consortium
(http://www.proteomexchange.org) via the PRIDE partner
repository [36] with the dataset identifier PXD000770.

2.9. Bioinformatic analysis

Proteome Discoverer annotation node, which is connected to
the ProteinCenter web based application, was used to
download categorical GO database information in the form
of biological process (BP), molecular function (MF), and
cellular component (CC). MaxQuant and Perseus were utilized
for protein identification and assignment of Interpro, KEGG,
and Prosite annotations along with their iBAQ values.

3. Results

3.1. Morphological analysis of endomembrane structures in
E. histolytica

To illustrate the diversity of vesicular structures in
E. histolytica, trophozoites were prepared for transmission
electron microscopy analysis by high pressure freezing and
freeze substitution (Fig. 1). The fast immobilization of high
pressure freezing together with the dehydration in the cold
during freeze substitution results in better morphological
preservation, compared to chemical fixation and dehydration
at room temperature. The overview of the cell shows several
big vacuoles present in the cytoplasm. These vacuoles are
characterized by an electron lucent lumen and few internal
membranes. Next to those vacuoles, large vacuoles with an
electron dense lumen consisting of membranous sheets and
amorphous material can be found. In addition, many vesicles
of diverse diameters and long tubular profiles are found in the
cytoplasm of the trophozoites. Tubular profiles are either
present with an electron lucent or a more dense lumen.
Occasionally the static EM image catches a vesicle budding or
fusion event that could be implicated in the trafficking
between the different compartments.

In order to identify and initiate the characterization of the
protein sorting routes in E. histolytica, we began by pinpointing
the subcellular sites of calreticulin (CRT) and NSF. CRT has been
previously shown to be present throughout the cytoplasm,
adjacent to the nuclei, and close to the plasma membrane [16].
CRT localization by confocal imaging confirmed these previous
data indicating a morphological undefined ER (Fig. 2A). NSF, a
protein responsible for dissociating SNARE complexes after their
fusion with target membranes [37] (i.e. Golgi, endosomes and
plasma membrane) was localized diffusely in the cytoplasm and
was viewed as small dots (Fig. 2A). CRT and NSF do not
colocalize, indicating that these two markers do not associate
in a particular compartment.

3.2. Proteomic analysis of subcellular compartments in
E. histolytica

3.2.1. Fractionation of subcellular compartments of E. histolytica
To perform a subcellular fractionation of E. histolytica
endomembranes we applied a previously described technical
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Fig. 1 - Entamoeba histolytica has a complex and diverse endomembrane system. Trophozoites were prepared for TEM analysis
by high-pressure freezing and freeze substitution. (A) Shows an overview of E. histolytica with the plasma membrane

(P) outlined. Within the cytoplasm many vacuoles of different sizes are present (examples marked by asterisks).

(B-D) Endomembrane system details. (B) Besides vacuoles with an electron lucent lumen (asterisk), tubular profiles (black
arrows), and vesicles (black arrowheads) are distributed throughout the cytoplasm. (C) Tubular profiles (white arrow), branch
(white arrowhead), or a budding/fusion event with a vesicle (black arrowhead). (D) A subset of vacuoles (white asterisk)
contains amorphous, electron dense material and internal membranes. Scale bars: (A) = 5 pm; (B-D) = 1 pm.

approach [30]. This procedure using mannitol and sucrose
gradients sorts the proteins into three main compartments:
plasma membrane, internal membranes, and cytoplasm.
Using specific antibodies recognizing either CRT or NSF, we
examined by immunoblotting the eventual presence of both
markers in the diverse fractions from the subcellular separa-
tion (Fig. 2B). CRT (50 kDa) was enriched in the internal
membrane fraction and was less abundant in the plasma
membrane associated compartment (Fig. 2B). NSF (75 kDa)
was only found in the internal membrane fraction. To control
the protein loading in the plasma membrane fraction from
which NSF was absent, KERP1 [38] and Gal/GalNAc (Fig. 2B)
were used. Analysis of the internal membrane fraction by
electron microscopy showed vesicles of different shapes
with sizes ranging from 50 to 200 nm (Fig. 2C). Further
fractionation of the internal membrane compartment was
attempted by sucrose gradient separation [31]. Unfortunately
(data not shown), the presence of CRT was detected in all
individual sub-fractions upon western blot analysis, indicat-
ing that an enrichment of the ER was not obtained. NSF was
not observed suggesting that it was degraded and/or dissociated
from the endomembranes. As in other systems isolation
strategies of the Golgi have been tricky and therefore purity is
limited when using sucrose density centrifugation strategies
[39].

3.2.2. Analysis of internal membrane faction of E. histolytica by
LC-MS/MS

The population of vesicles ranging from 50 to 200 nm in size
obtained within the internal membrane fractions provided us
with an ideal opportunity to identify novel and unknown
trafficking proteins at a system-wide level. Internal mem-
brane compartments represent a mixture of several mem-
brane fractions localizing CRT and NSF. The interest on this
fraction is due to the fact that levels of plasma membrane
proteins are highly reduced. Surface proteins are indeed
present although expected at low levels [30] since these
maybe also components of intracytoplasmic membranes
network, this is due to the intense membrane invaginations
and vesicle turnover within intracellular compartments of
E. histolytica.

Protein fractions were prepared from three independent
biological experiments and processed for proteomics analysis.
We utilized high resolution proteomics technology along with
bioinformatic approaches to identify and annotate all the
identified proteins into various functional classes. We under-
took this proteomics analysis in order to distinguish ER- and
Golgi-resident proteins as well as markers of diverse vesicle
trafficking pathways. The procedure will give less insight on
soluble proteins temporarily interacting with those subcellu-
lar compartments. The LC-MS/MS analyses of all three
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Fig. 2 - Cellular and biochemical analysis of endomembrane fraction from E. histolytica. (A) Cellular localization of
N-ethylmaleimide sensitive fusion protein (NSF) and calreticulin (CRT) was performed by labeling the parasites with either an
anti-NSF (red) or an anti-CRT antibody (green) and nuclei was stained with DAPI (blue). Confocal imaging micrograph is from a
focal plane at the middle of the cells demonstrating that NSF and CRT are distributed throughout the cytoplasm in defined
small vesicles. Scale bar = 10 pm. (B) Localization of CRT (55 kDa) or NSF (75 kDa) in the subcellular fractions corresponding to
total (T), internal vesicles (V), cytoplasm (C), and plasma membranes (M), obtained as published [30]. Positive quality control of
the plasma membrane fraction is shown by detection of KERP1 (K at 21 kDa) as published before [38] or Gal/GalNAc heavy chain
(G at 170 kDa). (C) Electron micrograph of isolated internal membranes. Scale bar = 200 nm.

biological samples were performed using the LTQ-Orbitrap Velos
mass spectrometer in high-resolution MS1 and MS2 modes (MS
and MS/MS at 30000 and 7500 resolution with HCD fragmenta-
tion) resulting in excellent quality fragmentation spectra pro-
viding increased specificity during database searching. For
peptide and protein identification, the raw data files were
screened using both the Proteome Discoverer and MaxQuant
software against the E. histolytica Uniprot database. The entire
dataset is in open access (ProteomeXchange library identifier
PXD000770). Due to existing diverse gene annotations for
E. histolytica, we kept the largest protein list given by Uniprot,
which assembles all the proteins identified in E. histolytica
independently of the way that it was used for such identification
(i.e., prediction from the genome, experimental data); conse-
quently some of these entries should be redundant and may

concern the same protein. Using a peptide and protein FDR
of 1%, a total of 5683 peptides matching with 1531 proteins
(representing 1198 groups) were identified among the three
internal membrane samples which corresponds to roughly 20%
of the total amoebic proteome. Details of this analysis can be found
in Data in Brief from the Journal of Proteomics.

Further bioinformatic investigations searching for domain
homologies (Smart and InterProScan programs) and function-
al descriptions (KEGG and GO terms) allowed this data to be
organized into distinct categories (Fig. 3). From these catego-
ries, 481 proteins were related to vesicle traffic, small
GTPases, cargo molecules and enzymes related to ER com-
partment activities. Proteins related to the ER, endosomes and
MVBs are the most represented proteins within the trafficking
category with 51, 24, and 25 entries, respectively (Fig. 3C). We
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Fig. 3 - Proteins identified by LC-MS/MS with their corresponding categories. (A) Categories represented among the proteins
identified in the isolated internal membrane fraction. (B) Percentage of proteins related to endomembrane compartments.

(C) Specificity of proteins identified in the traffic category.

identified 12 entries related to the Golgi apparatus and
associated proteins and 19 entries related to the TGN-ER
retrograde transport that can be associated with 8
exocyst-related categories (Fig. 3C) whereas 9 of unknown
function present domains related to Golgi and HEAT domain
involved in intracellular transport.

In addition to protein identification, we utilized the
Intensity-based absolute quantification (iBAQ) method to
measure protein abundances within the three biological
samples after calculating the median iBAQ values. After
applying the iBAQ algorithm on the three raw files (containing
1531 proteins), 1015 proteins had measurable iBAQ values.
The iBAQ values varied over 5 orders of magnitude with
respect to the most abundant and least abundant proteins
(Fig. 4A). Proteins related to the ER, Golgi, and ribosomal
families were present among the 25 most abundant proteins
while the 25 lowest abundance proteins were related to
general cellular process (Fig. 4B, C). Overall, the iBAQ analysis
showed calreticulin to be the most abundant protein among
all 1531 identified proteins of the internal membranes from
E. histolytica.

3.2.3. Proteins related to the endoplasmic reticulum

As illustrated in Fig. 3C, the principal ER constituents
identified in this analysis are from the translocon machinery
necessary for proteins to be transported from the ribosomes
to and/or across the ER membrane or to be integrated into the

ER membrane (Fig. 5). Sec61 comprises the main protein-
conducting channel, whereas signal-recognition particle re-
ceptor (SRPR), signal peptidases (SPC), the translocon associ-
ated protein complex (TRAP), Sec63, and BIP comprise
associated proteins that assist in signal sequence-mediated
targeting, cotranslational translocation, and processing of
nascent polypeptide chains. The conducted proteomics anal-
ysis identified SRPRa, SRPRp, SPC2, SPC3, TRAPp, Sec6la,
Sec61y, and BIP (Hsp70). Sec63 was not identified, although a
gene encoding this protein is present in the amoebic genome
(Fig. 5).

In the ER related category, we also found chaperones from
the heat shock family (Hsp70 and Hsp90), calreticulin, and
important enzymes involved in lipid biosynthesis, GPI anchor
biogenesis, and glycosylation processes. Sequence homology
analysis showed conservation of Hsp protein domains within
the 26 identified candidates (Supplementary Fig. 1). Among
them, three (C4M5K9, C4M770 and O77164) display a canonical
KDEL ER-retention motif at their carboxyl-terminal end
whereas C4LT65 carries a KTEL divergent motif. In the further
analysis, we concentrated on protein components of vesicles
carrying cargo from the ER to the Golgi: COPII (coat protein
complex II)-coated vesicles.

COPII-coated vesicles form on the ER by the sequential
recruitment of three cytosolic components: (i) GTPase Sarl, a
membrane bending protein that is important for the initiation
of coat formation; (ii) Sec23/Sec24, a heterodimer that is



132 JOURNAL OF PROTEOMICS 112 (2015) 125-140

85

8.0-

7.5

7.0

65

6.0

Log,, iBAQ Intensity

5.0

45

4.0

35

0 100 200 300 400 500 600 700 800 900 1000 1100

protein ranked by iBAQ Intensity

Calreticulin

*  ® Puative uncharacterized protein
» Protein disulfide isomerase

824 » Elongation factor 1-alpha

*Grainin 2
 Grainin 1

70 kDa heat shock protein, putative
® Thioredoxin
# Ubiquitin (Fragment)

* 60502
o 60SF)

Log,p iBAQ Intensity

* Actin 405,58

781 . nku.uhim i

ot
FBP- PO

sos 3% Putative U

0 10 20 30
protein ranked by iBAQ Intensity

4.4

Putative e
» NSPESZUEATIOD puaiive
Paps * Putative

o Pu

el

e
¥ BiSphanous protein
Putae
Uative
* e Putative
TPR repeat protein
utacive
o BV puanve
Glumxldast alpha
Putative

-
2

* .
Ptype ATPase
Put

Logy, iBAQ Intensity

tative
® Lysyl-tRNA synthetase
o Putative

w
2

oConigase
Putative

Serine-threonine-isoleucine rich protein
.

.
364 Putative

0 10 20 30

protein ranked by iBAQ Intensity

Fig. 4 - Dynamic range of internal membrane proteome from
E. histolytica. (A) S-shaped distribution of median absolute
expression values of 1015 iBAQ quantifiable proteins. For all
proteins, iBAQ values reveal a dynamic range of abundance
at a magnitude of five orders. (B) The 25 most abundant
proteins consist of ER, Golgi, and ribosomal-related proteins.
(C) The set of 25 proteins with the lowest abundance contains
general cellular proteins.

necessary for the capture of cargo proteins into nascent buds;
and (iii) Sec13/Sec31, which is involved in coat polymerization
and membrane deformation. Sec13, Sec31, Sec23 and Sec24
were identified in the proteomic analysis, whereas Sarl was
not identified, but is predicted from the genome annotation.
We identified members of the p24 family of proteins (p24,

gp25L, emp24, Erp), which are receptors within COPII vesicles
for cargo molecules transported from the ER to the Golgi
complex. All identified emp24 family members carry the
GOLD domain (for Golgi dynamics) that is present in lipid-
trafficking proteins [40]. In addition, we found Sedlin, a
subunit of the transport protein particle (TRAPP) complex
involved in the targeting and fusion of endoplasmic reticulum
(ER)-derived transport vesicles to the Golgi acceptor compart-
ment. Finally, we detected two proteins sharing homology
with SEY1, which in S. cerevisiae is involved in membrane
trafficking and in Arabidopsis thaliana (RHD3 proteins) medi-
ates ER fusion and the formation of the tubular ER network.

3.2.4. Proteins related to the Golgi apparatus and TGN-ER
retrograde transport

Besides COPII transport from ER to Golgi, COPI transports cargo
within the Golgi and from the Golgi to ER. The coat protein
complex I (COPI) consists of a heptameric («, B, £/, v, 5, &, §)
complex, also called coatomer, with two main subcomplexes:
(i) the v,5,5,p-COP tetrameric complex, which constitutes the
inner layer core; and (ii) the «,p’,e-COP trimeric complex, which
forms the outer layer of the COPI coat. COPI vesicles are
generated through Arfl, a regulatory GTPase, activation at the
donor membrane and the subsequent recruitment of coatomer,
which functions in binding and sequestering cargo molecules.
With the exception of ¢-COP, we identified all components of
COPI including Arf1.

Cargo movement through the Golgi depends on vesicle
fusion and scission; although the pathway in Golgi transport
is a debatable theme [8], an important and constant feature
involves soluble NSF-attachment proteins (SNAPs). These
proteins are highly conserved between organisms and partic-
ipate in intracellular membrane fusion and vesicular traffick-
ing. Three different isoforms of SNAPs have been described,
a-, p-, and y-SNAP [41], with «-SNAP being the most relevant
to vesicle trafficking. During membrane fusion, a-SNAP is
recruited to the SNARE complex cycle (V- and T-SNARE),
where a monomeric V-SNARE (synaptobrevin and SNAP-25)
on the vesicle binds to an oligomeric T-SNARE on the target
membrane, forming a stable four-helix bundle that promotes
membrane fusion [42,43]. A bound a-SNAP complex recruits
NSF, thus dissociating the SNARE-complex by ATP hydrolysis
[37] and allowing the cycle to progress. In our LC-MS/MS
results, we detected the presence of both «- and y-SNAP
proteins in the membrane purified fraction as well as
annotated SNARE component synaptobrevin and NSF (Fig. 6).
We also identified annotated SNARE complex interactors
Syntaxin 1A and B, as well as Syntaxin 16. Syntaxin 1A and B
are involved in exocytosis [44] and Syntaxin 16 is involved in
endosomal trafficking [45-47]. Exocytic vesicles are generated
at the Golgi apparatus and are transported by motor proteins
along cytoskeletal tracks and motor proteins to the plasma
membrane [48]. Vesicle fusion at the target membrane is
facilitated by SNARE proteins present on both the vesicle and
target membranes. We distinguish Vps33, a protein that
regulates cargo delivery by interacting with SNAREs in early
endosomes through the HOP complex [49], and Vps45, an
exocytosis protein and a homologue of Secl involved in
stabilizing the SNARE complex [50]. The composition of the
exocyst is highly conserved in eukaryotic systems, with eight
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single-copy subunits: Sec3, Sec5, Sec6, Sec8, Secl0, Secl5,
Ex070, and Exo084; several of these being identified in the
vesicular fraction here examined.

An interesting component of the Golgi apparatus is the
golgin proteins that work in Golgi structure maintenance via
interaction with small GTPases, the cytoskeleton, and mem-
branes. They serve as an array of loosely associated tentacles
providing directional transport between the Golgi and ER [51].
The most identified golgins belong to mammalian organisms
with homologues in S. cerevisiae or A. thaliana. In our hit list we
did not find golgin orthologues and after carefully analysis of
the E. histolytica genome (using Blast and InterProScan), we
only found one entry for Golgin A7 (also called GOLGA7 or
GCP16), a Ras palmitoyltransferase involved in protein transport
from the Golgi to the cell surface [52]. Golgin A7 (C4LT62 at
Uniprot) shares 29% identity and 47% homology (E = 2 x 1079
with human GOG7B (accession no. NP_001010917). However, itis
clear from the literature that no single golgin alone can be
responsible for maintaining Golgi structure; rather, it is the
complex network of interactions between these proteins and
their regulators that is important [53].

3.2.5. Endocytic and vesicular compartment related factors

The third major class of transport vesicles is the clathrin-
coated vesicle (CCV), where clathrin is the predominant
protein present in the coat. Clathrin coats use various adaptor
complexes to generate vesicles from the trans-Golgi network,
endosomes, and the plasma membrane. The connection of
the clathrin scaffold to the membrane is mediated by clathrin
adaptor (AP) protein complexes. There are 4 different AP
coats: AP-1 is involved in TGN to endosomal trafficking; AP-2

in endocytosis at the cell surface; AP-3 in endosomal
transport; and AP-4, which is in charge of moving cargo from
the TGN toward the plasma membrane [54]. Interestingly, the
proteins found in our analysis range from general AP family
proteins to specific subunits with homology to AP-1, AP-2, and
AP-3, only AP-4 homology was lacking, as it has been shown
in other eukaryotic systems [54]. The presence of clathrin
coated pits in E. histolytica has been previously suggested,
specifically for transferrin endocytosis in a mechanism
similar to T. brucei [55], suggesting a relevant function in this
organism.

3.2.6. Proteins related to multivesicular body function and
retromers

Biological membrane deformation is a major step in getting
proteins transported from the Golgi to the ER and the plasma
membrane. The process of membrane bending and shape
changes is attributed to proteins such as dynamin-like
GTPases and proteins processing F-BAR domains [56], which
we have detected. These proteins help with vesicle and
membrane scission, orchestrating cargo sorting through the
clathrin/coatomer vesicle coats (COPI and COPII), as previous-
ly discussed, and the endosomal sorting complex required for
transport (ESCRT). Early endosomes and MVBs play an
important role in sorting endocytosed proteins and newly
synthesized lysosomal proteins. In recent years, it was
demonstrated that the ESCRT system has a defining role for
MVB function in general and protein sorting within the MVB
in particular. Specific complexes of ESCRT-I, -II, or -III are
identified including Vps (i.e. Vps45, Vps33), Snf7 family
protein components, or even Bro protein domains (Alix). In
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the ESCRT-II complex, which is involved in the formation of
linear polymers implicated in cargo trapping, membrane
deformation, and vesicle abscission, we have identified two
members, Vps2 and Snf7 (yeast homologue of Vps32). The
ESCRT-III mechanism for vesicle delivery is dependent on
Vps4 [57]. Although we did not detect Vps4, we identified
proteins (EHI_167710 and EHI_165220) that share homologies
with mammalian Alix (a direct interactor with Snf7), which
has been found to be necessary for membrane abscission
during cytokinesis and virus budding in association with
ESCRT-III [58]. Another E. histolytica protein identified and
characterized with homology to Alix [59] (Fig. 7), is the adhesin
protein ADH112 (EHI_181220) that has a role in phagocytosis
[60,61] and was found in our analysis. The Alix-homologue
(EHI_167710) appeared in all three independent experiments
and has differences at the amino acid sequence level (Fig. 7A-
B) indicating that in addition to the BRO1 domain (IPR004328),
characteristic of the Alix family, it bears specific domains
(Fig. 7C). Besides these described MVB components — we also
found a high number of related ATPase (i.e. V-type ATPase,
vacuolar ATP synthase, and vesicle fusing ATPase), and a BAR/
SH3 domain containing protein previously annotated as Hsel
(homologous to STAM1, a component of ESCRT-0), which is
useful for membrane bending and curvature [11].

Proteins involved in retrograde transport from the
endosomal system to the Golgi were also identified. Specifically,

we identified the retromer complex heterodimer VPS35-VPS26,
a Golgi localized complex responsible for cargo selection as well
as endosome to Golgi retrieval from lysosomes [62], but we did
not find VPS29. Interestingly, the E. histolytica retromer complex
was described to be involved in a phagocytic process, where
Rab7A, a protein associated with phagosomal cups in the
parasites, was able to pull amoebic retromer complex VPS35-
VPS26 and VPS29, implying that the process of lysosomal
protease delivery by Rab7A is regulated through the retromer
complex [63] or other trafficking processes.

3.2.7. Small GTPases present in the internal membrane fraction
Members of the small GTPase superfamily regulate many
aspects of cell behavior, including gene expression, cytoskel-
eton reorganization, and vesicle and nuclear—-cytoplasmic
transport. In this proteomic analysis, 132 entries were
associated with GTPases including 104 that belong to the
small GTPase family with an additional 28 linked to GTP
exchange factors (GAP/GEF). Rab proteins are mainly involved
in membrane trafficking. In E. histolytica, 102 genes encoding
Rab small GTPases have been annotated [64]. Among all
annotated Rabs, there are only a dozen of which their
localization or function, or both have been demonstrated.
Rab7, Rab5, Rab1l1l, RabA, and RabB are involved in lysosome
biogenesis, phagocytosis, cyst formation, and cargo secretion,
respectively. In this work, we found representatives of these
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diverse Rabs with the exception of Rab5, linked to phagosome
biogenesis, a phenomenon which is not activated in these
experiments. Other representatives of the large family of Rab
GTPases were also identified.

3.2.8. Protein cargo candidates

Several previously identified proteins, which are involved in E.
histolytica virulence, were associated with the internal mem-
brane fractions. These mainly correspond to a few categories:
peptidases, surface molecules, and calcium binding factors.
We can argue that these are either residents within the

vesicular compartments during multiple processes including
post-translational modification (i.e. the Gal/GalNAc lectin
during glycosylation), vesicular trafficking (i.e. the lysine and
glutamic rich protein KERP1), or confined to specific compart-
ments such as lysosomes (i.e. cysteine proteinases and their
receptors or inhibitors). Calcium binding proteins such as
grainin 1 and grainin 2 were found with high abundance. The
global analysis of internal membrane fraction also identifies
446 proteins of unknown function, which according to this
analysis changed their status from predicted to existent
proteins.
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3.3. Cellular localization of newly identified factors
representative of vesicular compartments

Due to the originality of Alix (EHI_167710) as a potential
marker of MVB and cell division compartments in E. histolytica,
we took advantage of the divergences at amino acid
sequences to raise a specific antibody (Fig. 7C). The protein
was detected by immunoblotting as expected at a molecular
mass of 104 kDa in the purified internal membrane fraction
(Fig. 8A). Electron microscopy analysis of the isolated internal
membrane fraction showed anti-Alix antibody labeling of
some vesicles (Fig. 8B, black arrows). Using confocal micros-
copy, we localized the protein and observed the labeling to be
dispersed in discrete dots throughout the cytoplasm with
proximity to the plasma membrane inside the trophozoite
and in vesicles near the division furrow of dividing trophozo-
ites (Fig. 8C). In a similar manner, Alix has been detected
during cytokinesis [65].

Interestingly, the retromer complex was in previous
work found involved in the regulation of cysteine protease
delivery to the phagosomes [63], signaling a secondary role
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to retromer complex and possibly a dual localization near
the nuclei for protein traffic and near to the plasma
membrane for dynamic vesicle trafficking functions. The
known classical function of the retromer has been shown to
shift toward a role in the recycling of surface receptors [66]
and in the mitochondria-peroxisome transport pathway in
mammalian cells [67], implying a plurality in this traffic
structure.

4, Discussion

Cellular compartmentalization is an important evolutionary
innovation, which sustains the functional specialization of
cellular organelles. Membrane trafficking interconnects the
nuclear envelope, endoplasmic reticulum, Golgi apparatus, and
diverse secretory vesicles. These diverse compartments can be
visualized by a variety of microscopy approaches. Membrane
compartmentalization is extensively developed in eukaryotes
including unicellular organisms such as Dictyostelium discoideum,
the social amoeba. However, it is not the case for E. histolytica, a

Fig. 8 - Cellular localization of. E. histolytica Alix-like protein. (A) An Alix-like protein with a molecular mass of 100 kDa was
detected in the total protein extracts (T) and in the subcellular fractionation corresponding to vesicles (V). (B) The
endomembrane fraction of trophozoites was adhered to EM grids and labeled with an antibody against Alix, followed by
protein A gold (10 nm). The micrograph shows the presence of Alix (arrows) on the limiting membrane of a vacuole (white
asterisk). Alix is also localized on smaller vacuoles (white asterisks) as well as to vesicles (black arrows). Scale bar = 200 nm.
(C) Confocal imaging micrographs of E. histolytica. Trophozoites were labeled with anti-Alix antibody (red) and DAPI (blue). The
image is taken from a focal plane at the middle of the cells showing Alix localized in small vesicles trough the cytoplasm, near
the membrane region and in a dividing cell in vesicles close to the furrow. Scale bar = 10 pm.
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pathogenic amoeba without mitochondria and in which a “bona
fide” ER or Golgi is not clearly observable in electron microscopy,
and indeed, these organelles have yet to be characterized.
Numerous vesicles, vacuoles, and very few tiny stacks of
membrane pairs can be observed in E. histolytica [68], which are
expected to be essential for the secretion of pathogenic factors
during infection of human organs. Bioinformatics analysis
of data obtained from genome sequencing showed that
E. histolytica possesses genes encoding important components
necessary for the formation of structures or signaling pathways
required for vesicular trafficking [14,69]. Specific studies then
focused on protease transport toward the plasma membrane
[63]. The observation of the Golgi collapse after Brefeldin A
treatment [23] and ER fragmentation using nitric oxide [21]
demonstrates the presence, functionality, and relevance of such
organelles in E. histolytica. Using live cell imaging, the ER was
found to be uniformly distributed in the cytoplasm while
forming connecting structures [21]. This observation is different
than what is expected in mammalian cells where ER appears
concentrated in perinuclear areas. However, divergences are not
unique to the ER, i.e. inhibition of Golgi function does not block
or stop the traffic of de novo synthesized proteases, suggesting
that alternative trafficking mechanisms are present in
E. histolytica [23].

To gain insight into the endomembrane system of
E. histolytica, we took advantage of proteomics applied to an
amoebic fraction enriched for internal membranes. The
analysis discovered, for the first time, important components
of intracellular trafficking with strong iBAQ intensity values
indicative of their abundance. The most abundant protein
found in this analysis was calreticulin, which in E. histolytica is
a resident of the ER (with expected calcium-buffering and
chaperone functions) and has also been localized near to the
plasma membrane during interaction with target cells and at
phagocytic cups [53]. We then, carefully reviewed the signif-
icance of identified proteins with respect to their mammalian
or yeast cell counterparts. The data confirmed that the
principal participants for the TGN, ER to Golgi and plasma
membrane trafficking are present in E. histolytica, although the
morphology of these subcellular compartments is still not
completely delineated. TGN and ER to Golgi network transport
components were, in the majority, well identified. Both COPI
and COPII subunits were accounted for, as well as NSF. The
presence of the SNARE complex and SNARE interacting
proteins for the fusion and abscission of vesicles were
recognized. Also, the retromer complex (EhVps26-29 and -35)
previously identified during phagocytosis [63], was detected
and localized in non-phagocyting trophozoites analyzed here
at the perinuclear region, in the cytoplasm and enriched at
the plasma membrane. These findings support the existence
of trans-Golgi network (TGN) components similar to the ones
described in mammalian cells. However, cellular localization
of markers for such networks like NSF and the retromer
complex, suggest a peculiar compartmentalization of the TGN
in E. histolytica. This hypothesis is reinforced by the absence of
golgins, which are Golgi-resident proteins that form a matrix
to help maintain the organelle structure. In contrast, the vast
presence of GTPase, Rab, and Ras proteins in E. histolytica is
suggestive of highly active membrane trafficking processes
[70], vesicle formation, vesicle movement, and/or membrane

fusion. Due to all these features, we consider that the multiple
vesicles observed by electron microscopy in the parasite
cytoplasm account, in part, for the morphological support of
cargo transport.

Besides the ER components, the top two categories
identified by LC-MS/MS correspond to endosomes and MVBs.
The endosomal system in E. histolytica, necessary for the
engulfment of external particles, is acidified with a delay [71];
therefore, it is not surprising to find a significant number of
V-ATPases in our analysis. As for clathrin-coated pits,
amoebic endosomes have been previously reported to be
involved in the uptake of iron particles [55]. Here, we provide
the first evidence that an established clathrin coated vesicle
system for endocytosis exists in E. histolytica, with the majority
of AP adaptors being present suggesting that the main compo-
nents for such processes are in place. In the particular case of
MVB components, the ESCRT complex (0, -I, -II, and -III) was
previously described in E. histolytica with 20 genes encoding
potential ESCRT orthologous including Vps4 (only one gene) and
ADH112 adhesin (EHI_181220) with homology to Alix. Interest-
ingly, endogenous Vps4 was localized to the cytoplasm in
discrete dots, but when overexpressed, is enriched at the plasma
membrane [28]|, suggesting dynamic roles for the ESCRT
complex. In our analysis, we could not identify Vps4, however
we did identify a novel orthologue of Alix (EHI_ 167710) that has
multiple protein domains including BRO1. This Alix orthologue
was localized at the plasma membrane and during cellular
fission, and in purified vesicles as well. Relevantly, mammalian
Alix plays a key role in ESCRT-mediated membrane abscis-
sion during cytokinesis and virus budding, participates in
apoptosis and endocytosis and its N-terminal Brol domain
recruits and/or regulates the membrane scission [58]. Until
now there has not been a described amoebic Alix with similar
observed functions such as those characterized for human
cells or yeast. More relevant, in the closely related amoeba
Dictyostelium, disruption of Alix encoding gene leads to a
defect in differentiation by the impediment of relevant
required receptor(s) to be located at the plasma membrane
[72] indicating a preserved and fundamental role for Alix in
the amoeba.

5. Conclusions

Overall, we have traveled through the endomembrane net-
work of E. histolytica. This single-cell organism possesses the
basic components to fulfill protein and cargo sorting. We have
demonstrated the richness of vesicles and vacuoles present in
the cytoplasm of E. histolytica and our findings support the
importance of these structures in the dynamics of the
endomembrane system, even more relevant by identification,
detection, and localization of an Alix orthologue that could
play a significant role at the plasma membrane of E. histolytica
where most of the virulence factors have been detected.
Pinpointing the basic actions in protein traffic and identifying
components of cargo and vesicle sorting could shed some
light on the process of virulence factor release, similar to the
MBV pathway being a drug delivery target in T. brucei [73] and
Leishmania major [74]. This is an important step missing in
drug therapy development for E. histolytica.
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