
Molecular Biology of the Cell
Vol. 8, 1537–1547, June 1998

Virulence and Functions of Myosin II Are Inhibited
by Overexpression of Light Meromyosin in Entamoeba
histolytica
Philippe Arhets,* Jean-Christophe Olivo,† Pierre Gounon,‡
Philippe Sansonetti,* and Nancy Guillén*§
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Several changes in cell morphology take place during the capping of surface receptors in
Entamoeba histolytica. The amoebae develop the uroid, an appendage formed by mem-
brane invaginations, which accumulates ligand–receptor complexes resulting from the
capping process. Membrane shedding is particularly active in the uroid region and leads
to the elimination of accumulated ligands. This appendage has been postulated to
participate in parasitic defense mechanisms against the host immune response, because
it eliminates complement and specific antibodies bound to the amoeba surface. The
involvement of myosin II in the capping process of surface receptors has been suggested
by experiments showing that drugs that affect myosin II heavy-chain phosphorylation
prevent this activity. To understand the role of this mechanoenzyme in surface receptor
capping, a myosin II dominant negative strain was constructed. This mutant is the first
genetically engineered cytoskeleton-deficient strain of E. histolytica. It was obtained by
overexpressing the light meromyosin domain, which is essential for myosin II filament
formation. E. histolytica overexpressing light meromyosin domain displayed a myosin II
null phenotype characterized by abnormal movement, failure to form the uroid, and
failure to undergo the capping process after treatment with concanavalin A. In addition,
the amoebic cytotoxic capacities of the transfectants on human colon cells was dramat-
ically reduced, indicating a role for cytoskeleton in parasite pathogenicity.

INTRODUCTION

During capping of surface receptors, motile Entamoeba
histolytica undergoes striking morphological changes,
including highly active membrane folding that leads
to the formation of a membrane-accumulated append-
age at one pole of the cell called the uroid (Trissl et al.,
1977). Ligand–receptor complexes are concentrated in
the uroid and eventually are eliminated by membrane
shedding into the external medium without damage
to the cell. One amoebic protein that undergoes cap-
ping is the Gal-GalNAc lectin (Arhets et al., 1995). This

lectin participates in the interaction between amoebae
and cells upon their direct contact (Ravdin and Guer-
rant, 1981). Avoidance of lysis by the complement
membrane attack complex is also mediated by this
protein, which binds to final components of the mem-
brane attack complex and prevents their association
with the amoebic plasma membrane (Braga et al.,
1992). Another amoebic defensive mechanism is the
inhibition of complement activity by the capping of
Gal-GalNAc lectin involved in the interaction with
complement components and shedding of comple-
ment–lectin complexes to the external medium.

Surface receptors are proteins anchored into the
plasma membrane that generally contain a cytoplas-§ Corresponding author. E-mail address: nguillen@pasteur.fr.
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mic domain that may interact with either regulatory or
cytoskeletal proteins. During capping, surface recep-
tors interact with their ligands, leading to activation of
signaling pathways and accumulation of receptors in
patches. These patches are then translocated in a rear-
ward direction to a pole of the cell and form a cap. The
retrograde cell surface flow observed during the cap-
ping process is a conserved behavior in migratory cells
and has been the basis for models of cell locomotion
(Egelhoff and Spudich, 1991). In the case of E. histo-
lytica, capping of surface receptors and formation of
the uroid are processes that occur simultaneously.
Multiple studies have suggested a role for the actomy-
osin complex in capping and uroid formation. F-actin
and myosin II colocalize with the caps in the uroid
(Espinosa-Cantellano and Martinez-Palomo, 1994; Ar-
hets et al., 1995). In addition, comparison of myosin II
concentrations in different compartments of amoebae
undergoing capping have shown that three times
more myosin II is recruited into the uroid region than
into any other compartment. Moreover, capping and
uroid formation are inhibited by drugs that affect the
activity of the actomyosin complex (Arhets et al.,
1995).

Myosin II is a hexameric ATPase composed of two
heavy chains and two pairs of light chains, as re-
viewed by Sellers and Goodson (1995). The amino
terminus of the heavy chain forms the head region
containing the actin and nucleotide binding sites. The
carboxyl-terminal portion of the two heavy chains
associates to form a coiled coil a-helical rod structure
necessary for myosin II filament formation (Warrick
and Spudich, 1987). The role of myosin II in the cap-
ping of surface receptors has also been studied in
several other eukaryotic cell systems. In Dictyostelium
discoideum, a nonpathogenic amoeba, a myosin II null
mutant is deficient in capping (Pasternak et al., 1989).
In other cell types, such as T lymphocytes, the involve-
ment of myosin II and G-proteins mediate pathways
that have been proposed as key mechanistic compo-
nents of the capping process (Campanero et al., 1994).
In addition, recruitment of myosin II has also been
shown to generate the contractile force necessary for
movement and cellular division of eukaryotic cells (De
Lozanne and Spudich, 1987; Knecht and Loomis,
1987).

Identification of the mhcA gene, which encodes my-
osin II in E. histolytica (Raymond-Denise et al., 1993),
has opened the way to a genetic analysis of the role of
myosin II in pathogenic functions. Recent advances in
the manipulation of the E. histolytica genome facili-
tated the construction of a parasite strain that is de-
fective for myosin II functions. This mutant is the first
genetically engineered cytoskeleton-deficient strain of
E. histolytica. Analysis of this mutant shows that the
inhibition of myosin II activity in E. histolytica leads to

the inhibition of capping and uroid formation, motil-
ity, and parasite virulence.

MATERIALS AND METHODS

Strains and Culture Conditions
The pathogenic E. histolytica (strain HM1:IMSS) was cultivated ax-
enically in plastic flask containing TYI-S-33 medium (Diamond,
1961) at 35°C for 48 h before each experiment. The human carci-
noma Caco-2 cell line was grown to 14 d confluence in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 20% fetal
calf serum at 37°C in a 10% CO2 incubator. The bacterial strain
Escherichia coli DH5a:endA1 hsdR17 supE44 thi-1 recA1 gyrA relA1
D(lacZYA-argF)U169 F9 F80dlacD(lacZ)M15 was used for plasmid
constructions. Ampicillin was used at a concentration of 50 mg/ml.

Construction and Purification of Plasmid DNA
A plasmid expressing a truncated form of E. histolytica myosin II
corresponding to the light meromyosin (LMM) was constructed as
follows. A DNA fragment of 1041 bp encoding the last 579 amino
acids of the myosin II heavy chain (Raymond-Denise et al., 1993)
was amplified by PCR using the genomic DNA as a template. The
DNA fragment is located between nucleotides 5046 and 6794 of the
published myosin II heavy chain gene sequence (Raymond-Denise
et al., 1993) and does not contain introns. The following oligonucle-
otides were used: 59-GGGGTACCATGTACACCGACATCGAGAT-
GAACCGGCTGGGCAAGAATGCTGATGAAAATGAA-39 (nucle-
otides 5046 –5063) and 59-CGGGATCCATGAAATTTAATC-
AGAATC-39 (nucleotides 6776–6794) were used. The first oligonu-
cleotide permitted the introduction of an epitope tag at the amino
terminus of the light meromyosin (underlined sequence). This tag
sequence, encoding a cytoplasmic fragment of the vesicular stoma-
titis virus glycoprotein (VSV-G) (Kreis, 1986), is preceded by an
ATG codon to initiate protein translation. In addition, the first
oligonucleotide contains a KpnI site, whereas the second contains a
BamHI site. The PCR product was digested by BamHI and KpnI and
then cloned into the pExEhNeo plasmid (kindly provided by Dr. E.
Tannich, Bernhard Nocht Institute for Tropical Medicine, Hamburg,
Germany) at the BamHI and KpnI sites. Thus, the DNA encoding
LMM is under specific transcription signals from E. histolytica con-
tained in the plasmid vector. This vector also contains the gene
conferring geneticin (G418) resistance as a selectable marker The
recombinant plasmid was called pExEhNeo/LMM. Both plasmids,
pExEhNeo and pExEhNeo/LMM, were used to transform E. coli,
and then plasmid DNA was prepared using the QIAGEN (Chats-
worth, CA) Maxi kit.

Transfection and Selection of E. histolytica
Amoebae
Transfection of both pExEhNeo and pExEhNeo/LMM plasmids
into trophozoites was performed by electroporation. Specifically,
107 amoebae were washed twice in cold PBS buffer and once in cold
cytomix buffer consisting of 10 mM K2HPO4/KH2PO4 (pH 7.6), 120
mM KCl, 0.15 mM CaCl2, 25 mM HEPES (pH 7.6), 2 mM EGTA, 5
mM MgCl2. The amoebae were then resuspended in 500 ml of
cytomix buffer supplemented, immediately before use, with 2 mM
ATP, 5 mM glutathione, and 200 mg of plasmid DNA. The amoebae
were transferred to an electroporation cuvette (4-mm gap, Bio-Rad,
Hercules, CA), and electroporation was performed with the Bio-Rad
Gene Pulser (1200 V/cm and 25 mF, with a time constant of 0.4 ms).
The electric pulse was applied twice, and electroporated amoebae
were transferred into culture medium for 48 h before selecting them
in culture medium supplemented with 10 mg/ml G418 (Life Tech-
nologies, Gaithersburg, MD). Amoebae expressing G418 resistance
were further submitted to increasing concentrations of G418 up to
30 mg/ml.
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Preparation of Total Protein Extracts
Transfected amoebae were cultivated in the presence of increasing
concentrations of G418, and proteins were prepared as previously
described (Burns et al., 1995). Briefly, 5 3 106 trophozoites were
washed twice in cold PBS buffer and then lysed in 200 ml of 100 mM
2-[N-morpholino]ethanesulfonic acid (pH 6.8), 1 mM MgCl2, 0.5%
Triton-X 100, 2.5 mM EGTA, 2 mM p-hydroxymercuribenzoate, 6
mM leupeptin, 1 mM N-ethylmaleimide for 30 min at 4°C with
gentle agitation. Protein concentrations were measured by the Bio-
Rad assay with lysozyme as a standard.

Immunodetection of Proteins
Proteins from transfected trophozoites were analyzed by immuno-
blot. Samples of proteins (10–100 mg) were resolved by SDS-6%
PAGE and then electrotransferred onto a nitrocellulose membrane
that was saturated with 5% nonfat milk, 1% Tween 20. The mem-
branes were subsequently incubated for 1–2 h at room temperature
with antibodies diluted in PBS containing 5% nonfat milk and 1%
Tween 20. The following antibodies were used: anti-amoebic myo-
sin II (Rahim et al., 1993), 1:750; anti-VSV-G (hybridoma cell line was
a gift from Dr. T. Kreis, University of Geneva Sciences III, Geneva,
Switzerland), 1:200; peroxidase-conjugated sheep anti-mouse Ig
(Nordic Immunological Laboratories, Tilburg, the Netherlands),
1:10,000; and peroxidase-conjugated goat anti-rabbit Ig (Nordic Im-
munology), 1:30,000. The last two sera were used as secondary
antibodies to detect antigen-antibody complexes. Finally, immuno-
blots were treated with the ECL Western-blotting detection reagent
(Amersham, Buckinghamshire, United Kingdom) and exposed on
Kodak (Rochester, NY) X-OMAT x-ray film. To compare the affinity
of the anti-myosin II and anti-VSV antibodies, quantification of
antibody–protein binding was done. Serial dilutions of amoebic
protein extracts, ranging from 5 to 50 mg, were resolved by SDS-6%
PAGE and electrotransferred to a membrane as described. The
upper part of the blot containing proteins with a molecular mass of
.100 kDa was incubated in the presence of anti-myosin II antibody,
and the lower part was incubated in the presence of the anti-VSV
antibody. The blots were treated as described for ECL Western-
blotting detection. Both antibodies gave a clear signal when at least
10 mg of transfected amoebae crude extract were used. The autora-
diograms were scanned using a Microtek (Taiwan) E3 Scanmaker,
and relative intensities were calculated.

Computer-assisted Analysis of Cellular Movement
The amoebae cell lines generated in this work, as well as the
wild-type strain HM1:IMSS, were inoculated in TYI-S-33 medium in
a tissue culture flask completely filled with medium. Cells were
allowed to grow at 35°C for 24–48 h. The cultures were then
observed with an inverted microscope (Olympus Optical, Tokyo,
Japan) equipped with a heating plate set at 37°C and a high-
resolution Sony (Tokyo, Japan) charge-coupled device video cam-
era. In these experiments 25 wild-type amoebae were analyzed. The
culture of amoebae containing the vector alone was grown in the
presence of 20 mg/ml G418; from this culture 27 amoebae were
analyzed. LMM-transfected amoebae were analyzed from cultures
grown in the presence of G418 at 20 mg/ml (11 amoebae analyzed)
and 30 mg/ml (18 amoebae analyzed). For image analysis, a dedi-
cated automatic program was developed to detect and track the
amoebae as they moved. The program runs on a SPARC station
Ultra1 (Sun, Mountain View, CA) to which a Series 151/40 digital
image processor (Imaging Technology, Bedford, MA) was con-
nected. Digitization of video sequences was performed using a
real-time digitization system perception (Digital Processing Sys-
tems, Scarborough, Ontario, Canada). Amoebae were first recog-
nized by a two-step segmentation procedure. First, the gradient
image corresponding to the original phase-contrast image was com-
puted. Then, the threshold of the gradient image was delimited at a
predefined level that allowed retention of the amoeba outlines; the

resulting binary image was processed to fill in the holes, if any,
within connected areas. The binary masks representing amoebae
were used to compute the following geometrical parameters with a
central moment algorithm: centroid, surface, principal axes, and
eccentricity. On the basis of these parameters, the algorithm was
also able to discriminate between a single amoeba and amoebae
aggregates. After all amoebae in the sequence had been character-
ized, and their coordinates had been stored, a tracking algorithm
was used to establish valid trajectories. The algorithm uses a first-
order Kalman filtering approach whereby at each frame and on the
basis of the previous ones, predictions of the amoeba positions were
established and compared with the computed ones. The best
matches were selected as trajectory points, and tracks were finally
analyzed to compute the data that were used for generating values
in Figure 4. For each strain of amoeba, a sequence of ;2000 images
(;1 min 20 s) was digitized, and every second image was analyzed.
Speed values reported here are mean values of the speed of several
amoebae and SEs of these group estimates. These values were
corrected with the factor introduced by the time lapse recording
effect. In addition, we observed one amoeba in 40 pixels; according
to the mean size of amoeba (25 mm), an equivalence between 1 pixel
and 0.625 mm was established.

Indirect Immunofluorescence of E. histolytica
For epifluorescence labeling of trophozoites, capping was induced
using fluorescein isothiocyanate (FITC)-labeled concanavalin A
(ConA, Sigma, St. Louis, MO) as previously described (Arhets et al.,
1995). Amoebae were fixed in 3.7% paraformaldehyde for 1 h at
37°C and then permeabilized in PBS and 0.1% Triton for 5 min. For
myosin II labeling, amoebae were fixed and permeabilized in meth-
anol at 220°C for 3 min. They were further incubated in 50 mM
NH4Cl for 30 min and then blocked in PBS and 1% BSA for 30 min
at 37°C. For direct observation of capping, samples of fixed amoebae
were mounted on glass slides with PBS and 70% glycerol. For in situ
epifluorescence labeling of proteins, trophozoites were incubated
for 1 h at 37°C in the following diluted antibodies: amoebic anti-
myosin II, 1:10; mouse anti-VSV-G, 1:100; and anti-Gal-GalNAc
lectin mAb 8A3, 1:30. After washing with PBS and 1% BSA at 37°C
for 30 min, samples were incubated for 30 min in a 1:200 dilution of
FITC-labeled goat antirabbit Ig (Sigma) or a 1:250 dilution of rhoda-
mine-labeled goat anti-mouse Ig (Molecular Probes, Eugene, OR)
that had been preadsorbed with trophozoites as previously de-
scribed (Rahim et al., 1993). Labeling of nuclei was performed using
propidium iodide (Molecular Probes, Eugene, OR) diluted at 1:200
and included during incubation of samples with the secondary
antibodies. Finally, the samples were incubated in PBS and 1% BSA
and mounted on glass slide with 10 mg/ml Dabco (Sigma) diluted
in 80% glycerol. Results were analyzed using a conventional fluo-
rescence microscope (BH2-RFCA, Olympus Optical).

Confocal Microscopy
Fluorescent samples were examined on a Leica (Heidelberg, Ger-
many) DIAPLAN confocal laser-scanning microscope. Rhodamine-
labeled samples excited at 568 nm were visualized with a high-pass
RG590 filter. For fluorescein, an interferential filter centered on 535
nm, after excitation at 488 nm, was used. Observations were per-
formed on 15 planes from the bottom to the top of each cell. The
distance between scanning planes was 0.5 mm. Photographs were
taken on Kodak T-max 400 film with a 35-mm camera mounted on
a Polaroid (Cambridge, MA) Freeze Frame video recorder monitor.

Transmission Electron Microscopy
After inducing capping with ConA, 5 3 106 amoebae were washed
three times in PBS buffer, and staining of ConA binding sites was
performed by incubation of amoebae for 15 min at 37°C in PBS
containing 50 mg/ml peroxidase (Boehringer Mannheim, Indianap-
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olis, IN). After four washes in PBS, cells were fixed with 1.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 6.3) for 15 min at
room temperature. Sedimented amoebae were washed five times in
PBS, and peroxidase staining was detected by incubating the sam-
ples for 15 min at 4°C with 0.5 mg/ml diaminobenzidine and 0.03%
hydrogen in PBS. The enzymatic reaction was stopped by dilution
with PBS. After three washes in PBS, cells were postfixed for 1 h at
4°C in PBS containing 2% OsO4. The pellet was rinsed with distilled
water, dehydrated in a graded ethanol series, and embedded in
Epon resin. Thin sections were prepared on an LKB Nova ultrami-
crotome (Leica, Vienna, Austria) fitted with a diamond knife and
were observed in a JEOL (Tokyo, Japan) 1010 electron microscope
operating at 80 kV.

E. histolytica and Caco-2 Cell Interaction
The human Caco-2 cell line was grown for 14 d in 24-well plates.
Confluent monolayers were labeled overnight with 2 mCi/ml 51Cr
in complete DMEM. Trophozoites grown for 48 h and the Caco-2
cells were washed twice with prewarmed serum-free DMEM.
Amoebae were added to the cell monolayer at a ratio of 1 amoeba to
5 cells in DMEM serum-free medium. The coculture was incubated
at 37°C in 10% CO2 atmosphere for 0.5–3 h. At designated time
intervals, the medium was harvested and centrifuged at 800 3 g for
five min. The supernatant (fraction A) and the pellet (fraction B)
were separated. Any cells remaining in the wells were recovered
using 1% SDS in phosphate-NaCl buffer (fraction C). Sampling was
done in triplicate. Radioactivity was counted from each fraction,
and an average of three samples was determined. The percentage of
cell lysis was determined by calculating the counts per minute in
fraction B divided by total counts per minute in fractions A–C.
Viability of amoebae was determined in parallel by the trypan blue
dye exclusion test. Briefly, amoebae were recovered, centrifuged at
800 3 g, and resuspended in 0.4% trypan blue in PBS, and then
viable amoebae were counted.

RESULTS

Construction of a Myosin II Mutant by
Overexpression of LMM
Because gene targeting by homologous recombination
is not yet possible in E. histolytica, we took advantage
of a recent observation made in D. discoideum in which
overexpression of the myosin heavy chain domain
required for filament formation was shown to lead to
a phenocopy of a null mutation (Burns et al., 1995). We
used this approach to create myosin II mutants in E.
histolytica. The DNA fragment encoding the end of the
tail region of the myosin II heavy chain (light mero-
myosin, LMM) was amplified by PCR from E. histo-
lytica genomic DNA. Oligonucleotides used in the
PCR reaction enabled the introduction of an epitope
tag at the amino-terminal fragment of LMM. This
epitope tag is recognized by a monoclonal antibody
against VSV. The amplified DNA fragment was puri-
fied and cloned into the ExEhNeo vector (Figure 1A).
The recombinant plasmid expressing LMM as well as
the vector alone were introduced into E. histolytica by
electroporation. Transfected amoebae were selected
by incubation of cells in the presence of G418 at 10
mg/ml. Available vectors for transfection of E. histo-
lytica are maintained in the cell as episomal elements
(Hamann et al., 1995). The copy number of these epi-

somal elements varies according to the efficiency of
transfection and the concentration of the selective
drug in the culture medium. This variability might
lead to heterologous phenotypes of transfectant cul-
tures. For this reason, we tried to obtain a clonal
population of transfected amoebae. Unfortunately,
our efforts to obtain clonal populations were unsuc-
cessful, probably because growth of E. histolytica is
highly sensitive to the density of the inoculum (Dia-
mond, 1961). Here, we report the phenotypical analy-
sis of transfected amoebae that may express different
levels of recombinant LMM.

Immunoblot analysis of total cell lysates from two
transfectants showed that only the amoebae trans-
fected by the recombinant plasmid expressed trun-
cated myosin II, the LMM fragment (Figure 1B). It was

Figure 1. Cloning and expression of light meromyosin in E. histo-
lytica. (A) The 39 end of the gene encoding the myosin heavy chain
was amplified by PCR. Oligonucleotides were designed to incorpo-
rate an epitope tag at the amino terminus of the expressed LMM.
The generated DNA fragment was cloned into the ExEhNeo vector
and introduced into the amoebae by electroporation. (B) Immuno-
blot of proteins obtained from the transfectant cells revealed by the
anti-myosin II and by the anti-VSV-G antibodies. Myosin is at 250
kDa, and VSV-LMM is at 71 kDa. Lane 1, LMM20; lane 2, ExEh20,
lane 3, LMM30; lane 4, ExEh30. Analysis shows that the LMM
protein is expressed and correctly tagged.

P. Arhets et al.

Molecular Biology of the Cell1540



observed that an increase in G418 concentration led to
an increase in the expression level of LMM. The com-
plete molecule of myosin II was recognized by a spe-
cific antibody against a 100-amino acid sequence on
stretch located in the tail region of the myosin II heavy
chain, outside of the LMM domain (Rahim et al., 1993).
As expected, a prominent band at 250 kDa was visible.
LMM was recognized as a 71-kDa band by antibodies
against the VSV tag. To estimate the ratio of LMM
versus myosin II, scanning of the autoradiogram of
immunoblots obtained with serial dilutions of pro-
teins isolated at 30 mg of G418/ml was performed. A
ratio of 4 LMM to 1 myosin II was observed in LMM-
expressing cells.

Phenotypic Analysis of Cells Overexpressing LMM
To explore the influence of LMM overexpression on
the physiology of E. histolytica, we tested the two
transfected cell lines for their ability to grow. The
growth rate of the transfectants in the presence of
diverse concentrations of G418 was examined. Growth
rates were determined for wild-type cells as well as for
cells containing the vector alone or for cells expressing
the gene encoding LMM. Wild-type amoebae and con-
trol amoebae containing the vector alone grew
roughly at similar mean rates of 10 and 11 h per
generation, respectively. In contrast, a modification of
the mean generation time was observed in LMM-
transfected amoebae. The generation time varied ac-
cording to the concentration of G418 in the medium.
Thus, the generation times for amoebae overexpress-
ing LMM, grown in 20 (LMM20) or 30 (LMM30)
mg/ml G418, were 15 and 34 h, respectively.

Qualitative and Quantitative Analysis of
Movement in LMM-overexpressing Amoebae
To test whether overexpression of LMM in E. histo-
lytica affected single-cell motility, movement of LMM-
overexpressing amoebae in culture medium was com-
pared with that of either the wild-type amoebae or
those carrying the vector alone. Trophozoites of each
strain were observed by optic phase-contrast micros-
copy in culture flasks. Movement was video recorded
and analyzed as described in MATERIALS AND
METHODS. The mean values of average parameters
computed for cell motility are presented in Figure 2.
Wild-type amoebae moved with a mean velocity of
1.43 mm/s. The vector-transfected amoebae popula-
tion grown in 20 mg/ml G418 moved with a mean
velocity of 1.39 mm/s, a value equivalent to that ob-
served with the wild-type strain. In contrast, LMM-
overexpressing amoebae displayed a different behav-
ior. The cell population could be assigned to two
categories of movement: slow and very slow (Figure
2). The speed varied according to the concentration of
G418 in the growth medium. LMM-overexpressing

amoebae grown in 20 mg/ml G418 (LMM20) moved
with a rate of between 0.76 and 1.22 mm/s. The rate of
movement of LMM30 amoebae was even more re-
duced, because it ranged from 0.76 to 0.96 mm/s.
Trajectories of moving amoebae are summarized in
Figure 3. Observation of the trajectories of wild-type
cells indicated that they moved randomly on the sub-
strate. Their trajectories were heterogeneous, because
some amoebae made straight trajectories, whereas
others moved back or circled on a small area. Trans-
fectants containing the vector alone moved according
to straight trajectories. In contrast, amoebae express-
ing LMM wobbled in place around stationary points
of contact with the substratum. These results indicate
that overexpression of LMM interfered with amoebic
movement.

Capping of Surface Receptors and Uroid Formation
in LMM-expressing amoebae
Modification of the myosin II activity by drugs that
inhibit the cytoskeletal activity of E. histolytica leads to
inhibition of receptor capping and uroid formation
(Arhets et al., 1995). To analyze the influence of LMM
expression on receptor capping and uroid formation,
transfected amoebae were induced for capping by in-
cubation in the presence of FITC-labeled ConA. The
number of amoebae displaying uroids was deter-
mined by analyzing the fluorescence of ConA–recep-
tor complexes, which became concentrated in the
uroid (Table 1). A correlation was established between
an increase in LMM expression and a decrease in the
number of cells undergoing capping. Thus, in the

Figure 2. Analysis of mean speed of wild-type, ExEh20, and LMM
transfectant amoebae. The histogram shows the comparison of the
means speed of the two subpopulations of LMM20: slower (2) and
LMM20 faster (t). The same type of representation was chosen for
LMM30: slower ([) and LMM30 faster (o). Finally, the mean speeds
for ExEh20 (h) and wild type (■) are represented.
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LMM30 population only 20% of amoebae formed
uroids, whereas among amoebae containing the vector
alone, 72% formed uroids. In addition, in some LMM-
overexpressing amoebae, fluorescent ConA appeared
in large areas of the cell surface, indicating that a
modification might occur in the rate of movement of
ConA–receptor complexes. To further document this
observation, LMM30 amoebae were examined by
transmission electron microscopy. The uroid region
was visualized by staining the ConA binding sites
with peroxidase, which specifically labeled regions in
which the ConA–receptor complexes were concen-
trated (Arhets et al., 1995). In some trophozoites over-

expressing LMM, most of the peroxidase-labeled
ConA localized in diffuse areas occupying a large
surface at one pole of the amoeba, an observation that
confirmed the FITC–ConA distribution encountered
by confocal analysis. In addition, the membrane in
these regions was not folded (Figure 4A), and the
cytoplasm appeared less vesiculated when compared
with cytoplasmic and uroid regions formed in the
amoebae carrying the vector alone (Figure 4B). Thus,
among the parasites expressing LMM, the majority of
cells were inhibited for uroid formation and capping.
Of the amoebae that did undergo capping (20%), a
fraction displayed normal uroid formation, whereas
the remainder did not form uroids and displayed
diffuse caps. These results suggest that overexpression
of LMM impairs the capping process. In addition, the
endogenous myosin II seems to retain some residual
activity but in certain cases is insufficient to assure
complete capping or formation of the uroid.

Localization of Myosin II, LMM, and Gal-GalNAc
Receptor in Resting and Capping Amoebae
Inhibition of myosin heavy-chain phosphorylation
leads to the localization of myosin II under the cyto-
plasmic membrane of capping amoebae (Arhets et al.,
1995). To determine the subcellular localization of my-
osin II, truncated myosin II, and Gal-GalNAc lectin in
LMM-overexpressing trophozoites, immunofluores-

Figure 3. Computer-assisted cellular movement analysis of wild-type, ExEh20, and LMM cells. Images of amoebae were recorded and
computer analyzed using conditions described in MATERIALS AND METHODS. Micrographs of analyzed amoebae are shown in the upper
panel, and their trajectories are represented in the lower panel. The wild-type strain moves in random directions; some of the amoebae return
on their trajectories. ExEh20 cells move at the same rate as the wild-type strain but show more direct trajectories. LMM20 and LMM30 show
reduced trajectories. The majority of the amoebae wobble in place around stationary points of contact with the substratum. In addition, LMM
transfectants are round, and some of them seem to extend small pseudopods.

Table 1. Capping induction in LMM transfectant and control cells

Amoeba strain
Amoebae

with a uroid (%)
Total amoebae

counteda

ExEhNeo 10 70.9 1031
ExEhNeo 20 71.7 852
LMM 10 68.6 868
LMM 20 44.7 927
LMM 30 20.1 900

aAmoebae were counted in two independent experiments. Capping
in replicating trophozoites was induced by incubation of the par-
asites in the presence of FITC-labeled ConA. Cells were fixed, and
uroid-containing cells were counted.
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cence labeling of proteins was performed in resting
and capping amoebae (Figure 5). The shape of resting
cells (80% of the population) appeared essentially
round (Figure 5A). In these amoebae, endogenous
myosin II was localized under the cytoplasmic mem-
brane at the periphery of the cells, whereas LMM
appeared in a diffuse pattern throughout the cyto-
plasm. In addition, the Gal-GalNAc lectin was concen-
trated in spots at the membrane level (Figure 5B),
indicating that clustering of this receptor still occurred
in LMM-transfected amoebae. In the case of cells un-
dergoing capping, both myosins were recruited to the
posterior pole of trophozoites and colocalized in the
uroid when it was present (Figure 5C). The Gal-
GalNAc receptor was similarly recruited (our unpub-
lished data). These results suggested that LMM was
recruited to the uroid together with myosin II in re-
sponse to signaling induced by capping activation.

Effect of LMM Transfectant Amoeba on Caco-2 Cell
Viability
To determine the pathogenic consequences of the cy-
toskeleton modifications observed in LMM transfec-
tants, we assessed monolayer cell damage after con-
tact with amoebae. Monolayers of the human

carcinoma cell line Caco-2 were labeled by preincuba-
tion with medium containing 51Cr. Amoeba-mediated
cytotoxicity was determined by measuring 51Cr re-
lease from Caco-2 cells into the incubation medium
after amoeba contact (Figure 6). Human cell lysis be-
came evident after 30 min of interaction with wild-
type or vector alone–transfected amoebae. After 3 h of
interaction, 40% of Caco-2 cells were lysed (wild-type,
63%; n 5 3; and vector transfected, 61%; n 5 3). In
contrast, amoeba-mediated cytotoxicity was dramati-
cally reduced when LMM30 transfectant amoebae
were used instead of the wild-type or vector transfec-
tant strains. Even after a 3-h incubation, cytolysis was
evident only in 5% (61%; n 5 3) of the cell population.
The viability of the three amoeba populations was also
assessed, and no significant cell death was observed.

DISCUSSION

Myosin II mechanoenzyme assembles into bipolar fil-
aments to exert contractile force on actin filaments.
The LMM of the myosin heavy chain is necessary for
myosin II assembly, because the deletion of LMM
produces a nonfunctional myosin II molecule unable
to form filaments (De Lozanne et al., 1987; Fukui et al.,

Figure 4. TEM of transfectant amoebae induced for capping with ConA. ExEh30 and LMM30 strains were induced for capping and fixed,
and redistribution of ConA–receptor complexes was observed by the labeling of ConA binding sites by peroxidase. The membrane region
in which capped complexes are concentrated is stained in black by oxidized diaminobenzidine. Micrograph A (45003 magnification) shows
the cellular localization of ConA–receptor complexes in the LMM30 strain (arrows). The membrane appears poorly folded when compared
with membrane in the uroid region of the ExEh30 transfectant used as a control (micrograph B, 80003 magnification).
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1990). Purified LMM retains the solubility properties
of the intact myosin II and polymerizes into paracrys-
talline-like aggregates under conditions of lower ionic
strength. In addition, when the LMM domain is ex-
pressed in large quantities in cells, it organizes into
a-helical coiled coil molecules and forms cytoplasmic
inclusions. These aggregates sequester the native my-
osin II, resulting in cells that display a myosin II null
phenotype (Burns et al., 1995). We used these proper-

ties of the LMM domain to impair the functions of
myosin II in E. histolytica, a human parasite in which
gene targeting is not yet feasible. To construct the
dominant negative cell line, the light meromyosin do-
main from the heavy chain of myosin II was overex-
pressed. The resultant strain showed phenotypes sim-
ilar to those of the D. discoideum myosin II null mutant.
This is the first genetically engineered parasitic amoe-
bae that is deficient in cytoskeleton activities.

Expression of LMM was obtained by using a multi-
copy plasmid that can be transfected and expressed in
E. histolytica; the copy number of this plasmid is reg-
ulated by the concentration of the selecting drug G418
(Nickel and Tannich, 1994). Thus, the quantity of
LMM in the transfected population is modulated by
gene dosage according to the drug concentration. Mu-
tant phenotypes were more apparent when the con-
centration of G418 was increased. Transfectant popu-
lations, which displayed a ratio of LMM to
endogenous myosin II of 4:1, were analyzed in this
study. This expression level is lower than that ob-
tained with mutants from D. discoideum, which ex-
press 10 times more LMM than endogenous myosin II
(Burns et al., 1995). Such a large excess of LMM leads

Figure 5. Distribution of myosin II, LMM, and Gal-GalNAc lectin
in E. histolytica transfected with LMM. Transfectants growing in 30
mg/ml G418 amoebae were fixed and stained for myosin II, VSV-
LMM, and Gal-GalNAc lectin. Confocal laser scanning microscopy
was performed to detect immunofluorescence. Micrograph A shows
rounded cells with myosin II labeling the plasma membrane (panel
1); some discrete myosin II spots are also observed in the cytoplasm.
In the same cell, LMM is essentially diffuse throughout the cyto-
plasm (panel 2). The focal plane shown in this micrograph repre-
sents the middle of the cell. Micrograph B shows myosin II distri-
bution in rounded cells (panel 3) and Gal-GalNAc in the same cell
(panel 4). Myosin II is located under the plasma membrane as
described previously. The Gal-GalNAc lectin is present at the mem-
brane level; some patches of receptor can be seen (arrows). Micro-
graph C shows transfected amoeba that display a uroid (arrow-
head). Myosin II is recruited to and concentrates in the uroid (panel
5); VSV-LMM is also observed in the uroid (panel 6). These results
indicate the recruitment of both proteins during capping. Bar, 5 mm.

Figure 6. Viability of Caco-2 cells in the presence of LMM trans-
fectants. A 51Cr-labeled, postconfluent monolayer of Caco-2 cells,
cultivated in 24-well plates, was infected with growing E. histolytica
(1 amoeba for 5 cells) in a 1-ml vol medium and incubated for the
indicated times. After incubation, medium was removed and cen-
trifuged. The cytolysis is reflected by the 51Cr molecules liberated in
the medium. Percentage of lysis corresponds to the fraction of
radioactivity in the supernatant compared with the total radioactiv-
ity. Each incubation was condition tested in triplicate, and the
experiment was repeated three times. Œ—Œ, HM1 wild-type strain
(40% 6 3% of lysis; n 5 3); ■—■, NEO-transfected strain: (40% 6
1% of lysis; n 5 3); F—F, LMM transfected strain (5% 6 1% of lysis;
n 5 3).
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to D. discoideum cells containing large aggregates of
tubular structures, a morphological change that does
not appear in E. histolytica overexpressing LMM. A
deficiency in growth was observed in LMM transfec-
tants, as their growth rates were slower than those of
control amoebae. In addition, some of the LMM-over-
expressing amoebae became multinucleated. This ob-
servation may indicate a modification in the cytokine-
sis process and/or a deficiency in nutrient uptake. The
latter could lead to constant cell death, and, in turn,
the apparent generation time would be the net effect of
multiplication and decay. These possibilities need to
be tested.

LMM transfectant amoebae are characterized by sig-
nificant changes in their morphology. The amoebae
round up and move slowly, demonstrating the need
for myosin II in cell morphogenesis and movement.
These results suggest, as is the case in D. discoideum,
that myosin II participates in cell detachment from the
substratum at the rear part of the cell, which is fol-
lowed by retraction allowing the cell to continue its
forward movement (Jay et al., 1995). This function may
be also perturbed in E. histolytica overexpressing
LMM, because the increase in expression of the trun-
cated myosin inhibits the movement to an extent sim-
ilar to that observed for other myosin II null mutants
(Jay et al., 1995). In rounded, LMM-overexpressing
amoebae, the endogenous myosin II is distributed be-
neath the cell cortex. A model has been suggested to
explain morphological changes in amoeboid cells
(Shelden and Knecht, 1996). In this model, a round
shape may indicate that endogenous myosin II exerts
a compressive force throughout the cortex of the cell to
balance the hydrostatic force from the extracellular
medium. Myosin II could stiffen the cell cortex by
binding to actin filaments. Reduction in cortical stiff-
ness in particular areas of the cell, through changes in
actin–myosin II interactions, could allow the expan-
sion of cell protrusions (Shelden and Knecht, 1996). In
amoebae overexpressing LMM, the modification of
actin–myosin II activities may inhibit reduction of
stiffness, which in turn accounts for the movement
deficiency of these amoebae. Indeed, we have previ-
ously shown that movement and morphological
changes in E. histolytica require a redistribution of
myosin II in which the protein is relocalized to the rear
part of amoebae (Arhets et al., 1995). The tail contrac-
tion mechanism then allows cytoplasmic streaming to
push the cell forward. During movement, amoebae
overexpressing LMM are able to extend only very
small pseudopods. The reduction in cytoplasmic
streaming observed in these cells might account for
the reduction of the size of pseudopods; it has been
suggested that the intracellular pressure created by
cytoplasm streaming is a motive force for cell locomo-
tion (Yanai et al., 1996).

The process of capping of surface receptors is also
inhibited in amoebae overexpressing LMM. This phe-
notype is particularly important with regard to patho-
genicity. It has been suggested that capping and uroid
formation participate in the adaptation of amoebae to
the host immune response. A role for myosin II in
receptor-capping activity was previously indicated
(Rahim et al., 1993; Arhets et al., 1995) in E. histolytica as
well as in D. discoideum (Pasternak et al., 1989) and in
T lymphocytes (Campanero et al., 1994). Results re-
ported here are in agreement with these observations.
The formation of cap and uroids was dramatically
diminished in LMM-overexpressing cells (LMM30).
The majority of transfected trophozoites analyzed in
this study appeared as resting cells insensitive to
ConA activation. In these amoebae, myosin II local-
ized around the cell cortex, and the Gal-GalNAc lectin,
an amoebic receptor undergoing capping, formed
patches but did not concentrate in a cap. These find-
ings confirmed our previous work in which myosin II
activity was suppressed by treatment of amoebae with
drugs that inhibit kinases involved in the myosin II
heavy-chain phosphorylation and, subsequently, abol-
ish uroid and cap formation (Arhets et al., 1995). The
use of amoebae overexpressing LMM allowed direct
analysis of the role of myosin II in these cytoskeletal
activities. The results obtained in this work reinforce
the conclusion that the clustering of receptors in a
patch occurs independently of the activity of myosin
II, whereas movement of these patches through the
uroid and cap formation is dependent on myosin II
activity. Analysis of capping demonstrated that the
LMM fragment was found associated with endoge-
nous myosin II when amoebae were activated by
ConA. It seems likely that, in the minority cell popu-
lation that undergoes capping, the signaling resulting
from Con A stimulation of surface receptors leads to
the localization of both myosin II and LMM with the
cytoskeleton. The mechanism by which these mole-
cules associate and are stabilized in the cytoskeleton is
unknown. One plausible hypothesis may be that my-
osin II interaction with actin filaments stabilizes het-
erologous structures formed by myosin II and LMM.
For instance, in D. discoideum actin is known to accel-
erate assembly of myosin filaments (Mahajan et al.,
1989). It is also possible that other components of the
cytoskeleton bind to and regulate myosin II filament
formation.

In conclusion, the phenotypic analysis of an E. his-
tolytica mutant overexpressing LMM has highlighted a
critical role for myosin II in capping and uroid forma-
tion and in movement. Furthermore, the consequences
of the cytoskeletal modifications on E. histolytica
pathogenicity were assessed by analysis of amoebic
cytotoxicity on Caco-2 cells. Infection of the Caco-2 cell
line has been proposed as a model to study initial
pathogenic effect of E. histolytica on intestinal epithe-
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lial cells (Rigothier et al., 1991; Li et al., 1994). In this
study, postconfluent monolayers were used; under
such culturing conditions Caco-2 cells are polarized,
form a well-defined brush border, and express specific
intestinal enzymes (Pinto et al., 1983). Addition of
wild-type or vector alone–transfected amoebae to the
Caco-2 cells leads to massive monolayer destruction.
We observed that 40% of cells were lysed in the first
3 h of interaction with amoebae. The changes in mor-
phology of the Caco-2 cells during the amoebic inva-
sive process essentially correspond to blebbing and
cell lysis. In addition, some cells detach without lysis
(5% of the population). These morphological observa-
tions are indicative of the damage that amoeba exert
on the cell integrity and on the functionality of tight
junctions. In contrast, analysis of the LMM30 amoe-
bae, in which cytoskeletal functions are impaired, dis-
played a less toxic phenotype. Only 5% of Caco-2 cells
were lysed after contact with LMM30 amoebae for 3 h,
and the integrity of the Caco-2 monolayer was similar
to that of untreated cells, indicating that LMM30
amoebae do not induce an invasive process. These
results indicate that modification of cytoskeletal func-
tions by overexpression of LMM leads to a dramatic
decrease in amoeba virulence. Two different mecha-
nisms have been proposed to explain E. histolytica
cytotoxicity against tissue culture cells (Li et al., 1994):
1) a cell contact-mediated cytolytic mechanism and 2)
secreted virulence factors such as proteases that in-
duce cell detachment without lysis. Results in support
of the former mechanism indicate that the introduc-
tion of protease inhibitors during the interaction of E.
histolytica and Caco-2 cells does not prevent cytotox-
icity (Li et al., 1994). Our results suggest that, as a
consequence of functional modifications of the amoe-
bic cytoskeleton, LMM30 amoebae and Caco-2 cells do
not establish functional cytolytic contacts. This obser-
vation may be due to either changes in the efficacy of
amoebic adhesion properties and/or inhibition of
transport and translocation of amoebic toxins as amoe-
bapores through the cell membrane (Leippe et al.,
1991). The myosin II-defective strain described here
provides a novel tool to study the influence of the
cytoskeletal activities on the pathogenicity of E. histo-
lytica in animal models. According to our previous
studies, inhibition of capping may result in parasites
that are more susceptible to the host immune system.
Thus, this genetically engineered cell line may allow
the discovery of new insights of the anti-amoeba hu-
man immune response.
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