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Proteomic analysis of phagosomes isolated from Entamoeba histolytica by liquid chromatography and mass
spectrometry identified 85 proteins involved in surface recognition, actin cytoskeleton rearrangement, vesic-
ular trafficking, and degradation. Phagosome localization of representative proteins was verified by immuno-
fluorescence assay. This study should provide a basis for molecular identification and characterization of
phagosome biogenesis.

The protozoan parasite Entamoeba histolytica is a major
cause of morbidity and mortality worldwide (35). E. histolytica
is capable of ingesting microorganisms in the large intestine
(5), as well as red blood cells (33) and apoptotic immune cells
(19) during tissue invasion. Phagocytosis plays an essential role
in growth and constitutes one of the key virulence determi-
nants (6). Ameba mutants defective in phagocytosis have a
growth defect on bacterial lawns (25) and are also defective in
the destruction of tissue-cultured mammalian cells in vitro and
in the formation of hepatic abscesses in vivo (24). A number of
steps have been shown to be involved in phagocytosis in mac-
rophages, neutrophils, and Dictyostelium discoideum: receptor-
ligand interaction on the cell surface, activation of signaling
pathways leading to rearrangements of the actin cytoskeleton,
and membrane trafficking. In E. histolytica, one of the best-
characterized receptors involved in the recognition of and at-
tachment to the host or bacterial surface prior to initiation of
phagocytosis is the Gal/GalNAc-specific lectin (26). Myosin IB
was shown to localize to the phagocytic cup and phagosomes
during ingestion of human red blood cells (23). It was also
shown that rearrangement of the actin cytoskeleton plays an
important role in phagocytosis of mammalian cells (16, 17).
Amoebapores, cysteine protease 2 (CP2), and CP3 were shown
to be recruited to phagosomes and involved in permeation and
degradation of ingested bacteria (2, 28). However, a large
number of molecules and their kinetics of association and
dissociation during phagosome biogenesis remain largely un-
known. In this study, in order to understand molecules and
mechanisms involved in phagocytosis of E. histolytica, we took

a proteomic approach to identify proteins associated with the
phagosomes, using an optimized protocol for phagosome iso-
lation from the amebae and mass spectrometry, previously
utilized for mouse macrophages (12).

Trophozoites of E. histolytica HM1:IMSS, axenically culti-
vated in 25-cm2 flasks containing BI-S-33 medium, were mixed
with carboxylated latex beads. The beads were internalized by
centrifugation at 160 � g for 5 min. After centrifugation,
phagosome maturation was immediately interrupted by incu-
bating the flasks on ice for 10 min. Uningested beads were
removed (�98%) by washing the trophozoites three times
with cold phosphate-buffered saline containing 20% su-
crose, followed by centrifugation. After trophozoites were
homogenized in a Dounce homogenizer on ice, bead-contain-
ing phagosomes were purified by flotation on a sucrose step
gradient centrifuged in a swinging-bucket rotor (SW40; Beck-
man) at 100,000 � g for 1 h at 4°C as previously described (12),
with some modifications (10 mM E-64 and Complete Mini
protease inhibitor cocktail were included in all buffers). After
trypsin digestion, peptides were analyzed on a liquid chroma-
tography-mass spectrometry (MS) system consisting of a Finni-
gan LCQ ion trap mass spectrometer system with a Protana
nanospray ion source interfaced to a self-packed Phenomenex
Jupiter 10-mm C18 reversed-phase capillary column (8 cm by
75 mm [inside diameter]) at the W. M. Keck Biomedical Mass
Spectrometry Laboratory, University of Virginia. Sequencing
data were analyzed versus The Institute for Genomic Research
(TIGR) E. histolytica genome database (http://www.tigr.org
/tdb/e2k1/eha1/) using the Sequest algorithm (13) and also
against the nonredundant database at the National Center for
Biotechnology Information (NCBI). The frequency of each
protein in triplicate phagosome samples was expressed as the
mean percentage of the number of peptides mapped to each
protein in the total number of peptides detected in the phago-
some sample.

We established a protocol to isolate phagosomes with high
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purity. Among a variety of beads, carboxylate-modified latex
beads were internalized by the trophozoites approximately sev-
enfold more efficiently than amine-modified (positively
charged) beads, as evaluated with the flow cytometry-based
phagocytosis assay (data not shown). These carboxylate-mod-
ified beads, which are thought to mimic the negative charge on
dying cells, have been used previously as a surrogate to study
phagocytosis of apoptotic cells (1). We optimized conditions to
maximize and synchronize internalization of beads by low-
speed centrifugation. Centrifugation at 160 � g for 5 min
increased internalization efficiency by 50-fold compared to a
case in which amebae were simply cocultured with beads for 5
min. About 80% of amebae contained at least 1 bead, and a
single trophozoite internalized an average of 5.0 � 0.3 beads
by centrifugation. We typically purified up to 50 �g of the
purified phagosome proteins per 1.5 � 108 cells, which consti-
tutes approximately 0.01% of the total cell protein. We verified
the purity of the phagosome preparations by transmission elec-
tron micrographs and immunoblot analysis (data not shown).
For a typical MS analysis of phagosome proteins, we used
approximately 25 �g of the purified phagosome protein and
obtained 700 to 1,000 sequences of trypsin-digested fragments.
Approximately 90% of these peptides were unambiguously
assigned to 85 proteins. The coverage of proteins varied but
typically reached more than 10% (e.g., 18 to 24% for the
Gal/GalNAc-specific lectin heavy subunit [Hgl], 10% for the
intermediate subunit [Igl], and 42% for the light subunit [Lgl]).
We have listed in Table 1 only phagosome proteins in cases in
which (i) homologues with known or predicted functions were
found and (ii) amino acid identity and the E value were higher
than 25% and better than 10�5, respectively. We categorized a
panel of phagosome-associated proteins into the following
functional groups: lectins and surface proteins, vesicular traf-
ficking and other small GTPases and effectors, hydrolytic en-
zymes and degradative proteins, and calcium and proton
pumps. We also conducted a control experiment to evaluate
nonspecific binding of amebic proteins to latex beads. The
profiles of these nonspecific proteins were remarkably different
from those of purified phagosomes; only five proteins (elonga-
tion factor 1�, 14%; actin, 8.3%; Hgl, CP5, and cyclophilin,
0.83%) were predominantly detected.

Among lectins and surface proteins, Hgl, Igl, and Lgl, which
have been implicated in the recognition of ligands on the host
and bacterial surface, were demonstrated. It was previously
shown that E. histolytica expressing an amino-terminally trun-
cated dominant negative form of Lgl had a significant decrease
in the ability to phagocytose erythrocytes (21). Adhesin p30
was associated with the attachment organelle of cell wall-lack-
ing Mycoplasma pneumoniae and involved in cytoadherence
(29). Aminophospholipid translocase ATPase 2b was pre-
sumed to flip phosphatidylserine and phosphatidylethano-
lamine from the external leaflet of a membrane bilayer to the
cytosolic leaflet and be involved in physiological and patholog-
ical conditions such as activated platelets, apoptotic cells, and
sickle and thalassemic erythrocytes (11). Among small
GTPases, Rab (Rab1A, 7A-E, X11, and C1), Rac (RacA,
RacC, and RacG), and Rap2 (32) were identified. We previ-
ously demonstrated that Rab7A is transported to phagosomes
containing red blood cells via an E. histolytica-specific or-
ganelle “prephagosomal vacuole” (30). Novel Rab7 isotypes

FIG. 1. Cellular localization of representative phagosome proteins.
Wild-type amebae (panel A and Hgl in panel B) and myc-Rab7A- and
myc-Rap2-expressing transformants (Rab7A and Rap2 in panel B)
were incubated with carboxylate-modified beads for 24 h (Igl, CP1, and
DPAP) or red blood cells for 5 (Hgl) or 30 (Rab7A and Rap2) min,
fixed, and reacted with specific antibodies against Hgl, Igl, CP1, DPAP,
or myc tag on Rab7A and Rap2. Phagosomes are marked with yellow
arrows. Fluorescence and phase images are shown in left and right
panels, respectively.
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TABLE 1. Proteomic analysis of phagosome proteinsa

Protein group and TIGR ID no. (EH)
NCBI

accession
no.

Protein name (organism source) Identity
(%)

Frequency
(%)c

Lectins and surface proteins
6468 Adhesin p30b (Mycoplasma pneumoniae) 54 0.53 � 0.19
879 Aminophospholipid translocase 2b (Homo sapiens)b 44 0.32 � 0.08
4887 Gal/GalNAc lectin Hgl1-5b,d 100 3.0 � 0.26
1189/175 Gal/GalNAc lectin Igl1, 2d 100 1.7 � 0.64
385/4767/3450 Gal/GalNAc lectin Lgl1-5d 100 3.2 � 1.6
2521 X55028 Immunodominant variable surface antigen 100 0.29 � 0.15
2178 Multidrug resistance protein 2 (Canis familiaris) 31 3.4 � 1.0

Vesicular trafficking, other small GTPases,
and effectors

4532 AB054578 Rab1 100 0.34 � 0.08
289 AF218311 Rab7Ab,e 100 0.26 � 0.18
540 AB186363 Rab7Bb,e 100 0.35 � 0.31
3974 AB186364 Rab7Cb,e 100 0.32 � 0.08
2190 AB186365 Rab7Db,e 100 0.29 � 0.41
1867 AB186366 Rab7Eb,e 100 1.9 � 0.82
3360 AB197095 RabX17 100 0.24 � 0.34
1740 AB054579 RabC1 100 0.24 � 0.34
1174 Clathrin coat assembly protein ap50b (Dictyostelium

discoideum)
48 0.39 � 0.01

443 Receptor-mediated endocytosis protein 1b

(Caenorhabditis elegans)
44 0.23 � 0.05

2883 U29720 RacA 100 0.58 � 0.26
1250 U29722 RacC 100 0.28 � 0.01
830 AF055340 RacG 100 0.87 � 0.28
1948 U01052 Rap2 100 1.2 � 0.59

Hydrolytic enzymes and degradative proteins
4000 Acid phosphataseb,f (Homo sapiens) 25 0.38 � 0.54
5274 Acid phosphataseb,f (Homo sapiens) 26 0.86 � 0.27
4360 �-Amylase (Paenibacillus polymyxa) 27 0.23 � 0.05
1563 AJ417748 �-Hexosaminidase B 100 3.1 � 0.07
683 Q01957 Cysteine protease 1 100 0.46 � 0.11
4021 Q01958 Cysteine protease 2 100 2.1 � 0.57
2010 CAA62833 Cysteine protease 4 100 0.23 � 0.05
881 CAA62835 Cysteine protease 5 100 4.1 � 2.1
5015 AF059278 Dipeptidylaminopeptidase 100 1.2 � 0.13
2776 X87610 Lysozyme 1b 100 0.23 � 0.05
1921 Phospholipase A2 100 0.54 � 0.36
5686 Phospholipase Bb,g (Dictyostelium discoideum) 31 0.68 � 0.16
6042 Phospholipase Bg (Dictyostelium discoideum) 27 2.0 � 0.17
790 Serine proteaseh (Caenorhabditis elegans) 31 0.82 � 0.35
3172 Serine proteaseh (Caenorhabditis elegans) 30 1.1 � 0.95

Calcium and proton pump
5038 Calcium-transporting ATPasei 100 0.63 � 0.33
6704 U20321 Calcium-transporting ATPasei 100 0.53 � 0.19
1033 V-ATPase Vo domain subunit ab (Homo sapiens) 33 0.32 � 0.08

Other proteins
2856/5741 U13421 Pyridine nucleotide transhydrogenasej 100 8.6 � 1.5
432 M16339 Actin 100 1.1 � 0.01
4065 Talin (Dictyostelium discoideum) 25 0.98 � 0.3
3098 X98567 Ubiquitin 100 0.32 � 0.08
135 p21-activated protein kinase (Dictyostelium discoideum) 46 0.46 � 0.11
4681 AF017993 Cyclophilin 100 0.50 � 0.04
645 M92073 Elongation factor 1� 100 1.1 � 0.22

a We list protein names with organism names in parentheses. Organism names are not indicated when detected peptides perfectly match the previously reported E.
histolytica proteins. In cases where highest similarity is demonstrated against putative homologs from other organisms, protein names, organism sources in parentheses,
and percent identities are shown. We show putative protein names in cases where (i) homologues with known or predicted functions were found and (ii) amino acid
identity and E value are higher than 25% and better than 10�5, respectively.

b Annotation at NCBI nonredundant database is shown while this entry is annotated differently in the E. histolytica Genome Database at TIGR.
c Frequency (%) 	 (number of peptides mapped to each protein)/(total number of peptides detected in the phagosome sample) � 100.
d Isotypes of Hgl, Igl, and Lgl were not assigned due to high similarity among these isotypes.
e Rab7A shows 26 to 44% identity to other Rab7 isotypes.
f EH5274 acid phosphatase shows 14% identity to EH4000.
g EH5686 phospholipase B shows 8.3% identity to EH6042.
h EH790 serine protease shows 16% identity to EH3172.
i EH5038 calcium-transporting ATPase shows 83% identity to EH6704.
j EH2856 and EH5741 encode partial proteins of a single pyridine nucleotide transhydrogenase.
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(Rab7B, -C, -D, and -E), identified from phagosomes, indicate
the complexity of Rab7 isotypes in lysosomal and phagosomal
trafficking in this organism. It was previously demonstrated by
overexpression of dominant negative RacA that RacA is in-
volved in cytoskeletal rearrangement during phagocytosis of
bacteria, red blood cells, and mucin-coated beads in E. histo-
lytica (15). RacG was reported to be involved in uroid forma-
tion (18). Both human and Dictyostelium Rap1, which have
about 50% identity to E. histolytica Rap2, were shown to lo-
calize to phagosomes and regulate phagocytosis (27, 31). A
variety of hydrolytic enzymes and degradative proteins were
found, including CP1, -2, -4, and -5; �-hexosaminidase; dipep-
tidylaminopeptidase (DPAP); acid phosphatases; lysozyme;
and phospholipases A2 and B. CP5 was most abundantly de-
tected despite the fact that this CP was previously demon-
strated on the plasma membrane (20). It was previously shown
that antisense inhibition of expression of CP5 caused a de-
crease in phagocytosis (3). Although it was previously shown
that CP4 was not expressed at detectable levels by Northern
blot analysis (7), CP4 was detected in phagosomes at a signif-
icant level, suggesting that this scarce CP is concentrated in
phagosomes. Although CP2 and -3 were shown to be recruited
to phagosomes during phagocytosis of red blood cells (28),
only CP2, but not CP3, was demonstrated from phagosomes in
the present study. This suggests that CP3 recruitment may be
specific to red blood cell engulfment. We also identified tran-
shydrogenase, which is localized to the inner membrane of
mitochondria and catalyzes direct proton transfer between
NADP� and NAD� using a proton gradient (34). Transhydro-
genase from E. histolytica contains a putative mitochondrion-
targeting signal and was assumed to be localized to the mito-
some, a mitochondrial remnant organelle (10). Since other
putative mitosome-localized proteins possessing a mitochon-
dria targeting signal, e.g., cpn60 (10) and mitochondrial HSP70
(4), were not detected, transhydrogenase may be localized in
phagosomes in this parasite, unlike other organisms. Although
it was previously shown that the endoplasmic reticulum-lo-
cated proteins, including calnexin, calreticulin, Sec61p, glu-
cose-6-phosphatase, GRP78, and protein disulfide isomerase,
are involved in phagosome biogenesis (14), no putative endo-
plasmic reticulum protein was identified from the ameba
phagosomes.

We confirmed the phagosome localization of representative
phagosome proteins Hgl, Igl, CP1, DPAP, Rab7A, and Rap2
by immunofluorescence assay as previously described (30)
(Fig. 1). Trophozoites were incubated with carboxylate-modi-
fied beads for 24 h or red blood cells for 5 to 30 min. Mono-
clonal antibodies against representative surface membrane
proteins Igl (9) and Hgl (3F4) (22) reacted with the membrane
of phagosomes containing beads or red blood cells (results of
Igl in a red blood cell-ingesting ameba and Hgl in a bead-
ingesting ameba not shown). Anti-myc monoclonal antibody
11MO reacted with phagosomes containing red blood cells (B)
and beads (data not shown), as well as small vesicles, in the
transformant expressing myc-tagged Rab7A (30) and myc-
tagged Rap2. Polyclonal rabbit antisera raised against the rep-
resentative luminal digestive proteins CP1 (a gift from Sharon
L. Reed) and DPAP also nicely reacted with the luminal part
of the bead (A) or red blood cell-containing phagosomes (data
not shown). Protein profiles of phagosomes obtained using

carboxylate-modified beads coated with mucin, which is the
major glycoprotein on the host epithelium that the amebic
Gal/GalNAc lectin interacts with (8), were comparable to
those obtained with noncoated carboxylate-modified beads
(data not shown). This result supports the premise that phago-
cytosis of carboxylate-modified latex beads mimics phagocyto-
sis of host cells. Our proteomic data on phagosomes should
give a basis of our knowledge of phagosome biogenesis and
should also facilitate functional assignment of individual pro-
teins localized to phagosomes, which is essential for annotation
of the genome database.
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