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ABSTRACT

The DNA methylation status of the protozoan para-
site Entamoeba histolytica was heretofore unknown.
In the present study, we developed a new technique,
based on the af®nity of methylated DNA to 5-methyl-
cytosine antibodies, to identify methylated DNA in
this parasite. Ribosomal DNA and ribosomal DNA
circles were isolated by this method and we con-
®rmed the validity of our approach by sodium bisul-
®te sequencing. We also report the identi®cation
and the characterization of a gene, Ehmeth, encod-
ing a DNA methyltransferase strongly homologous
to the human DNA methyltransferase 2 (Dnmt2).
Immuno¯uorescence microscopy using an antibody
raised against a recombinant Ehmeth showed
that Ehmeth is concentrated in the nuclei of tropho-
zoites. The recombinant Ehmeth has a weak but
signi®cant methyltransferase activity when
E.histolytica genomic DNA is used as substrate.
5-Azacytidine (5-AzaC), an inhibitor of DNA methyl-
transferase, was used to study in vivo the role of
DNA methylation in E.histolytica. Genomic DNA of
trophozoites grown with 5-AzaC (23 mM) was under-
methylated and the ability of 5-AzaC-treated tropho-
zoites to kill mammalian cells or to cause liver
abscess in hamsters was strongly impaired.

INTRODUCTION

Entamoeba histolytica is a gastrointestinal protozoan parasite
that poses a serious health problem, with 50 million annual
infections throughout the world (1). The amoebic trophozoites
normally reside in the human large bowel and occasionally
invade the intestinal mucosa, disseminating to other organs,
mainly the liver (2,3).

DNA methylation is an epigenetic modi®cation that occurs
in a wide range of eukaryotic and prokaryotic organisms (4).
DNA methylation occurs at the C-5 or N-4 positions of
cytosine and at the N-6 position of adenine and is catalyzed by

enzymes known as DNA methyltransferases (5). All DNA
methyltransferases use S-adenosyl methionine as a methyl
donor. DNA methylation was ®rst associated with the DNA
restriction±modi®cation system, thought to be important in
protecting bacteria from foreign DNAs such as transposons
and viral DNAs (reviewed in 6,7). Dam methylation at
adenine residues in GATC sequences controls DNA replica-
tion, repair of replication errors, and pathogenicity of a
number of bacteria (8). Dam-de®cient or Dam-overproducing
Salmonella strains are dysregulated for the expression of
virulence factors like the cytotoxin SpvB (8,9).

In higher eukaryotes, DNA methylation regulates a number
of important biological functions including chromatin struc-
ture (10), silencing of gene expression (11), parental imprint-
ing and chromosome X inactivation in females (12), and
development and protection from sel®sh genetic elements
(13). Methylation occurs in cytosine C5 at the CG sequences
and ~60±90% of CG sequences are methylated. Methylation
of CG sites in the promoter regions of genes usually leads to a
reduction of gene expression. Repression of gene expression
occurs at three levels of control: (i) several transcription
factors are not able to bind to methylated target sites; (ii) DNA
methylation recruits 5-methylcytosine (m5C) binding proteins
that act as repressors of gene transcription; and (iii) DNA
methylation triggers histone deacetylation and thereby induces
chromatin condensation, which leads to a strong and stable
repression of gene expression (14±17).

The methylation status of the DNA from E.histolytica was
heretofore unknown. In the present study, we provide
evidence of m5C in E.histolytica ribosomal DNA (rDNA)
and of an active DNA methyltransferase (Ehmeth) that could
be involved in the regulation of virulence.

MATERIALS AND METHODS

Parasite and cell culture conditions

Trophozoites of the E.histolytica strain HM1:IMSS were
grown under axenic conditions in Diamond's TYI-S-33
medium (18) at 37°C. Trophozoites in the log phase of growth
were used in all experiments.
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Escherichia coli strains

The phenotypes of the E.coli strains used in this study are as
following: XL1-Blue (Stratagene): recA1 endA1 gyrA96 thi-1
hsdR17 supE44 relA1 lac[F¢proAB lacIqZDM15 Tn10 (tetr)];
GM2163 (New England Biolabs): F± ara-14 leuB6 fhuA31
lacY1tsx78 glnV44 galk2 gal t22 mcrA dcm-6 hisG4 rfbD1
rpsL136 dam13::Tn9 xylA5 mtl-1 thi-1 mcrB1; M15 (Qiagen):
Nals Strs rifs, lac± ara± gal± mtl± F± recA+ uvr+; BL-21 (DE3)
(Stratagene): E.coli B F± dcm ompT hsdS (r±

B m±
B) gal l

(DE3).

Preparation of E.histolytica genomic DNA

Genomic DNA free of RNA contamination was prepared with
the DNAeasy Tissue Kit (Qiagen) according to the manufac-
turer's instructions. The RNase A treatment is crucial to
ensure that the methyl groups recognized by the antibody to
m5C described below are not from residual RNA.

Genomic/antibody blot analysis

DNA (0.5 mg) was denatured by boiling the sample for 5 min
followed by a quick cooling on ice. The DNA was spotted on
Protran BA85 nitrocellulose paper (Schleicher and Schuell)
pre-soaked in 103 SSC, baked for 2 h at 80°C and processed
as followed. The blot was blocked with 5% naõÈve rabbit serum
and incubated overnight with sheep polyclonal antibody to
m5C (1/10 000) (MBS), washed in phosphate-buffered saline
(PBS) and subjected to interaction with an HRP-conjugated
goat anti-rabbit antibody (1/5000) (Jackson), and then
developed by enhanced chemiluminescence. At the concen-
tration of m5C antibody used, we observed a linear relation-
ship between the amounts of E.histolytica DNA spotted to the
membrane and the emission of light read with an
ImageMasterÔ VDS-CL apparatus (Amersham Biosciences)
(data not shown).

Af®nity chromatography using m5C antibodies as ligand

Sheep polyclonal antibody to m5C (260 mg; MBS) was cross-
linked to a 0.2 ml column of immobilized protein A (Seize-X
Protein A Immunoprecipitation Kit; Pierce Biotechnology) in
accordance with the manufacturer's instructions. Entamoeba
histolytica genomic DNA (2 mg) was cleaved with DpnII, and
ligated overnight with the adaptors R-Bgl-24 oligo and R-Bgl-
12 oligo (Table 1). The 12mer adaptor was melted away by
heating the reaction for 3 min at 72°C and the ends were ®lled
in with Taq DNA polymerase (5u; Promega) for 5 min at
72°C. The ligation was diluted by adding 300 ml of binding/
wash buffer (0.14 M NaCl, 0.008 M Na2PO4, 0.002 M
potassium phosphate and 0.01 M KCl, pH 7.4). The DNA was
denatured by heat and incubated overnight at room tempera-
ture with the af®nity column prepared above. The column was
washed extensively with the binding/wash buffer, resuspended
in 50 ml of the same buffer, and 5 ml of the suspension was
directly used for the PCR. DNA bound to the column was
ampli®ed with the R-Bgl-24 primer (Table 1). A program of
1 min at 95°C and 3 min at 72°C for a total of 25 cycles was
used. The PCR product was then cloned in the pGEM-T Easy
System (Promega) and sequenced at the DNA Facility
(Faculty of Medicine, Technion, Haifa, Israel).

Sodium bisul®te reaction and strand-speci®c PCR

Sodium bisul®te treatment of E.histolytica genomic DNA was
performed according to the method described by Warnecke
et al. (19). The set of primers used to amplify rDNA that
encodes SRP before (Sene5¢ and Sene3¢) and after (Seneb5¢
and Seneb3¢) treatment with sodium bisul®te are described in
Table 1.

Ampli®cation and cloning of Ehmeth

General molecular biology techniques were used according to
Sambrook et al. (20). Ehmeth was ampli®ed from an excised
trophozoite cDNA library cloned in the pBK-CMV phagemid
(a gift from Dr Tomo Nozaki, National Institute of Infectious
Diseases, Tokyo, Japan) with the primers Ehmethstart and T7
(Table 1) and cloned in the pGEM-T vector (Promega) to give
the pGEM-meth vector.

Northern blot and dot blot hybridization

For northern blot hybridization, total RNA was prepared using
a TRI-reagent solution (Sigma). Total RNA (10 mg) was size
fractionated on 4% polyacrylamide denaturing gel containing
8 M urea under denaturing conditions and subsequently
blotted electrophoretically onto a nylon membrane.
Hybridization was carried out with DNA probes randomly
labeled using the Random Primer DNA Labeling Mix Kit
(Beit Haemeck). Membranes were washed after overnight
hybridization using non-stringent (0.1% SDS, 23 SSC)
followed by stringent conditions (0.1% SDS, 0.13 SSC).
Detection was done by autoradiography.

Construction of Ehmeth expression vector

A recombinant Ehmeth was prepared from the prokaryotic
expression vector system pQE32 (Qiagen). The pQE32
plasmid is characterized by a 63 His af®nity tag coding
sequence that is located at the N-terminal end of a multiple
cloning site. Ehmeth was ampli®ed by PCR from the plasmid
pGEM-meth with the primers EhmethBamHI and
EhmethBglII (Table 1). The PCR product was digested with
BamHI and BglII and cloned into the pQE32 plasmid that was
previously linearized with BamHI to give the vector pQE32-
Ehmeth.

A recombinant Ehmeth was also prepared from the
prokaryotic expression vector system PGEX-4T-1
(Pharmacia Biotech). This vector allows the expression of a
protein fused to a glutathione-S-transferase (GST) tag. Ehmeth
was ampli®ed by PCR from the plasmid pGEM-Ehmeth with
the primers GSTEhmethBamHI and EhmethBglII (Table 1).
The PCR product was digested with BamHI and BglII and
cloned into the PGEX-4T-1 plasmid previously linearized
with BamHI. Veri®cation of the proper ligations and
orientations in the resulting hybrid plasmids was performed
by digestion with restriction endonucleases. One of the vectors
that carry Ehmeth fused to the GST tag in the correct
orientation (PGEX-4T-1-Ehmeth) was sequenced to con®rm
that no mutations have been introduced into Ehmeth during
the construction.

Expression and puri®cation of recombinant Ehmeth

For expression of His-Ehmeth, E.coli M15 transfected with
the pQE32-Ehmeth vector was grown overnight in Luria broth
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(LB) containing kanamycin (25 mg/ml) and ampicillin
(100 mg/ml). The pre-culture was used to inoculate (1:10)
Terri®c broth medium (450 ml) supplemented with kanamycin
(25 mg/ml) and ampicillin (100 mg/ml) and grown for ~40 min
at 37°C until OD600 reached 0.4. Synthesis of the fusion
protein was initiated by adding isopropyl-beta-D-thiogalacto-
pyranoside (IPTG) at a ®nal concentration of 2 mM to the
growing culture. After overnight incubation in the presence of
IPTG at room temperature, the bacteria were harvested and
lysed in BugBuster protein extraction reagent (Novagen)
supplemented with 10 mM imidazole and 0.15 M NaCl. The
fusion protein containing 63 His tag residues at its N-terminal
end was puri®ed under native conditions on Ni-NTA resin
(Qiagen). The protein was then eluted with elution buffer (50
mM NaH2PO4, pH 8.0, 300 mM NaCl and 250 mM
imidazole). His-Ehmeth protein was quantitated by
Bradford's method (21).

For expression of GST-Ehmeth, E.coli BL-21 (DE3)
transfected with the PGEX-4T-1-Ehmeth vector were grown
overnight in LB medium containing ampicillin (100 mg/ml).
The pre-culture was used to inoculate (1:100) 23 YT medium
supplemented with ampicillin (100 mg/ml) and grown for ~3 h
at 30°C until OD600 reached 0.8. Synthesis of the fusion
protein was initiated by adding IPTG at a ®nal concentration
of 0.5 mM to the growing culture. After 16 h of incubation
(overnight) in the presence of IPTG at room temperature, the
bacteria were harvested and lysed in BugBuster protein
extraction reagent (Novagen). The recombinant GST-Ehmeth
protein was puri®ed under native conditions on gluthatione±
agarose resin (Sigma). The protein was then eluted with
glutathione elution buffer [50 mM Tris±HCl pH 8.0, 10 mM
glutathione (Sigma)]. The recombinant GST-Ehmeth protein
was quantitated by Bradford's method (21).

The cleavage with thrombin (Cleancleave Kit; Sigma) of
the GST tag in the recombinant Ehmeth led systematically to
the precipitation of Ehmeth.

Preparation of a polyclonal anti-Ehmeth antibody

GST-Ehmeth (0.5 mg) was emulsi®ed in 1 ml of complete
Freund's adjuvant (Sigma) completed to 1.5 ml with PBS. The
mixture was injected subcutaneously into a 2 kg rabbit.
Injection of GST-Ehmeth (0.2 mg) emulsi®ed with 1 ml of
incomplete Freund's adjuvant and completed with PBS to
1.5 ml was repeated three more times at 4 week intervals. Two

days prior to each injection, a blood sample was taken from
the rabbit in order to check the level of antibodies produced
against the GST-Ehmeth (anti-Ehmeth antibodies). The serum
used for the different experiments was obtained from the third
bleeding of the rabbit. Ehmeth antibody was puri®ed by
af®nity chromatography on a column with immobilized
protein A. The concentration of Ehmeth antibody after
puri®cation was 3.7 mg/ml.

SDS±PAGE and western immunoblotting

The puri®ed recombinant Ehmeth were resolved under
reducing conditions (22) on the 10% SDS±polyacrylamide
gel developed with the GelCode Blue staining reagent
(Pierce). Entamoeba histolytica trophozoites (106) were
solubilized with 1 ml of 1% Nonidet P-40 (Sigma) in PBS
in the presence of 0.2 mM cysteine proteinases inhibitor
N-(trans-epoxysucciniyl)-L-leucine 4-guanidobutylamide
(E-64) (Sigma) and 0.5 mM serine proteinases inhibitor 4-
(2-aminoethyl)benzenesulfonyl ¯uoride (AEBSF) (Sigma).
Proteins from whole trophozoites (25 mg per lane) were
resolved under reducing conditions (22) on 10% SDS±
polyacrylamide gel and transferred electrophoretically to
nitrocellulose membranes. The blots were reacted with a
rabbit polyclonal anti-Ehmeth (1/500). After incubation with
the ®rst antibody, the blots were subjected to interaction with
an HRP-conjugated goat anti-rabbit antibody (1/5000)
(Jackson) and developed by enhanced chemiluminescence.

Microscopic localization of Ehmeth in trophozoites

To record the distribution of Ehmeth in trophozoites,
trophozoites (106 cells/ml) were washed in PBS buffer,
resuspended in cold acetone for 10 s, and washed twice with
PBS buffer. Fixed trophozoites were incubated for 1 h in 1.5%
normal goat serum in PBS, reacted with anti-Ehmeth antibody
(1:400) for 1 h, washed with PBS and reacted for 1 h with anti
rabbit/goat Ig ¯uorescein 5(6)-isothiocyanate (FITC) labeled
antibody (Sigma) diluted 1:100. Trophozoites were then
washed with PBS and, to observe the nuclei, they were
reacted with 4¢,6-diamino-2-phenylindole dihydrochloride
(DAPI; Sigma). A stock solution of DAPI (1 mg/ml in
ethanol) was prepared at a concentration of 5 mg/ml in 50:50
EtOH/0.1 M HCl. DAPI staining was performed by pipetting
5 ml into each sample (200 ml), which was then incubated for
5 min at room temperature. Phase contrast and ¯uorescent

Table 1. Primers used in this study

Primer Locationa Primer sequence Direction Underlined restriction site

Ehmethstart 1682 5¢-atgcaacagaaacaagtaaatgttat-3¢ Sense
EhmethBglII 2820 5¢-tatagatctttattcttttaagtcatc-3¢ Antisense BglII
EhmethBamHI 1686 5¢-tatggatccaacagaaacaagtaaatg-3¢ Sense BamHI
GSTEhmethBamHI 1682 5¢-ggcggatccatgcaacagaaacaagta-3¢ Sense BamHI
R-Bgl-12 (adaptor) 5¢-gatctgcggtga-3¢
R-Bgl-24 (adaptor) 5¢-agcactctccagcctctcaccgca-3¢
Seneb5¢ 5868 5¢-tatttgattaaataattgaataa-3¢ Sense
Seneb3¢ 6197 5¢-atttaaaacatattaaatttatc-3¢ Antisense
Sene5¢ 5868 5¢-tatttgatcaaataattgaataa-3¢ Sense
Sene3¢ 6197 5¢-atttaaaacatattagatttatc-3¢ Antisense
T7 pBKCMV 5¢-taatacgactcactataggg-3¢ Antisense

aThe position of the primers used to amplify Ehmeth is de®ned according to their location in the contig TIGR 316636 read in anti-parallel. The position of
primers Seneb and Sene is de®ned according to their location in GenBank (accession no. X65163).

Nucleic Acids Research, 2004, Vol. 32, No. 1 289



images were taken using an Axioscop2 (Zeiss) epi¯uorescence
microscope with a 633/1.25 Plan Neo¯uar oil immersion
objective and a differential interference contrast ®lter. Images
were captured using a CCD camera and computed with
ImagePro@Plus software (Media Cyberneticx, USA).

DNA methylation activity

DNA methyltransferase activity was measured by the incorp-
oration of tritium from AdoMet in a reaction buffer [50 mM
NaCl, 10 mM Tris±HCl, 10 mM MgCl2, 1 mM dithiothreitol
(pH 7.9)] containing puri®ed GST-Ehmeth (10 mg),
E.histolytica genomic DNA (5 mg) and 3 ml of [3H]AdoMet
(15 Ci/mmol; Amersham). After incubation at 37°C for 2 and
16 h, the reaction volume was diluted with water to a ®nal
volume of 100 ml, an equivalent volume of phenol was then
added and, following mixing and centrifugation, unreacted
AdoMet was removed from the aqueous phase by gel ®ltration
on a Bio-Rad A-05 M resin. Incorporation of tritium was
estimated by scintillation counting.

Cytopathic activity

The destruction rate of cultured CHO cell monolayers by
trophozoites grown with or without 5-azacytidine (5-AzaC)
(23 mM) was performed as described previously (23,24).

Adhesion assay to CHO cells

The adhesion assay to CHO monolayers was performed as
described previously (24).

Hemolytic activity

The hemolytic activity was performed as described previously
(25).

Induction of amoebic liver abscesses

Syrian golden hamsters (6-week-old) were inoculated intra-
hepatically with: (i) 5 3 105 trophozoites; (ii) 5 3 105

trophozoites grown in the presence of 10 mM 5-AzaC; and
(iii) 5 3 105 trophozoites grown in the presence of 23 mM
5-AzaC. Before inoculation, 5-AzaC was removed from the
culture by washing the trophozoites twice with TYI-S-33
medium. Hamsters (six for each group) were killed 1 week
after intra-hepatic inoculation, and the formation of lesions
was evaluated.

RESULTS

Entamoeba histolytica genomic DNA contains m5C

Methylation restriction sensitive assays, including McrBC
analysis (26,27), failed to demonstrate the presence of m5C in
E.histolytica DNA (data not shown). The presence of m5C in
E.histolytica genomic DNA was demonstrated using an
immunological method. This very sensitive technique
detected the presence of m5C in the genomic DNA of
Drosophila melanogaster where m5C is approximately 50
times lower than in mammals (28,29). In the DNA spot assay
(Fig. 1A), PCR-synthesized DNA and PCR-synthesized DNA
treated in vitro with M.SssI methyltransferase were used,
respectively, as negative and positive control. The commercial
antibody against m5C reacts speci®cally with synthetic DNA
treated in vitro with M.SssI methyltransferase, but does not

react with the untreated PCR product. We then looked for a
possible reaction with E.histolytica genomic DNA.
Entamoeba histolytica showed a clearly positive reaction
with the m5C antibody, which indicates that this modi®ed base
is present in the parasite (Fig. 1A and B). The speci®city of the
reaction between m5C antibody and the genomic DNA of
E.histolytica was demonstrated by competition experiments
involving m5C (10±5 M) (Fig. 1B, lane 2).

Identi®cation of methylated regions in E.histolytica
genome by af®nity chromatography

Puri®cation of CpG islands using the methyl binding domain
of MeCP2 was previously described (30). The absence of
knowledge about the methylation pattern in E.histolytica
encouraged us to develop our own method to identify the
methylated region in this parasite. Based on the previous
results, we constructed a methylated DNA binding column
that contains m5C antibodies as ligand. Genomic DNA was
digested with DpnII, bound to adaptors and loaded to the
af®nity chromatography column. DNA puri®ed by the column
was ampli®ed using the adaptors as primers (Table 1 and
Fig. 2A), cloned in pGEM-T Easy vector and sequenced.
Among the 25 clones analyzed, 20 clones contained rDNA
(accession no. X65163, from nucleotide 5872 to 6092 and
from nucleotide 10 to 178) and ®ve clones contained rDNA

Figure 1. Immunological detection of m5C in E.histolytica genomic DNA.
(A) PCR-synthesized DNA (lane 1), PCR-synthesized DNA treated in vitro
with M.SssI DNA methyltransferase (lane 2) and E.histolytica genomic
DNA (lane 3) were spotted on nitrocellulose paper and incubated with
antibodies to m5C. Ehmeth DNA was used as template for the production of
PCR-synthesized DNA. The time of exposure for the upper line was 2 ms
and for the lower line 12 ms. (B) The speci®city of the reaction between
m5C antibody and the genomic DNA of E.histolytica (lane 1) was
demonstrated by competition experiments involving m5C (10±5 M) (lane 2).
5-AzaC is an inhibitor of 5-cytosine DNA methyltransferase currently used
as a potent demethylating agent. Genomic DNA of trophozoites grown with
5-AzaC (23 mM) for 48 h (lane 3) and then cultivated for 2 weeks without
5-AzaC (lane 4) were also spotted on nitrocellulose paper and incubated
with antibodies to m5C. The time of exposure was 12 ms. For both
experiments (A and B), 0.5 mg of DNA was systematically spotted on the
nitrocellulose paper.
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circle (accession no. X75436, from nucleotide 1808 to 1935).
One of the rDNA sequence includes an open-reading frame
(ORF) identi®ed as a protein of 65 amino acids homologous
(73% identities) with a senescence-associated protein (SRP)
expressed by Pisum sativum (accession no. BAB33421)
(Fig. 2B).

To con®rm the speci®city of the m5C antibodies af®nity
chromatography, we focused our analysis on the rDNA region
that encodes SRP. We searched for methylated cytosine by

sodium bisul®te reaction and strand-speci®c PCR. This
procedure converts all cytosine residues to uracil, giving rise
to thymine after ampli®cation by PCR. Only methylated
cytosines are refractory to the deamination. The rDNA region
that encodes SRP was ampli®ed from genomic DNA and from
sodium bisul®te-treated genomic DNA, cloned in pGEM-T
Easy vector and sequenced. The distribution of cytosines
found at the place of cytosine versus cytosine found at the
place of thymine indicates that methylated cytosines are

Figure 2. Puri®cation and analysis of E.histolytica methylated DNA regions. (A) E.histolytica genomic DNA was restricted with DpnII, ligated to R-Bgl-24
adaptors and ampli®ed with primers R-Bgl-24 before (lane 2) and after (lane 3) m5C antibody af®nity chromatography. Lane 1, 100 bp ladder (New England
Biolabs). Note the difference of pattern before and after af®nity chromatography. (B) Sequence analysis of rDNA region (accession no. X65163). The DpnII
fragment isolated by m5C antibody af®nity chromatography is underlined. The ORF for the senescence-related protein is represented in bold, and its putative
amino acid sequence represented below. (C) Genomic sodium bisul®te analysis sequencing of the rDNA region that includes SRP (accession no. X65163) in
trophozoites grown without 5-AzaC (upper chromatogram) or with 5-AzaC for 1 week (lower chromatogram). The methylated C residues are resistant to the
bisul®te treatment (underlined). The unmethylated C residues are converted by the bisul®te treatment (designated by a star). The same distribution of
methylated cytosine was found following the sequencing of four clones coming from two separate experiments with sodium bisul®te.
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clustered upstream to the putative start codon of SRP (Fig. 2C).
Interestingly, methylation occurred not only to the CG sites
but also to all the cytosine present in this cluster.

Isolation and characterization of a cDNA for Ehmeth, a
DNA methyltransferase homologous to human Dnmt2

Based on the previous experiment that showed the presence of
m5C in the genomic DNA of E.histolytica, we hypothesized
that a DNA 5-cytosine methyltransferase, is also present in the
parasite. We searched the E.histolytica genome database
(www.tigrblast.tigr.org) for the presence of genes homologous
to the human DNA methyltransferase 1 (accession no.
P26358) using the BLAST algorithm (31). We identi®ed a
gene, Ehmeth, which encodes a protein with strong homo-
logies to Dnmt2 (accession no. AAC39764), a human DNA
methyltransferase of unknown function (28% identities and
47% positives). Like Dnmt2, Ehmeth is devoid of the
regulatory regions present at the N-terminal part of human
Dnmt1 and Dnmt3 (32) (data not shown). No gene encoding a
DNA methyltransferase other than Ehmeth was detected in the
E.histolytica genome database.

The ORF of Ehmeth is included in the contig (316 636 reads
in anti-parallel) from nucleotide 1682 to nucleotide 2820
(Supplementary Material Fig. 1). This sequence was used as a
template for the synthesis of Ehmethstart, a primer that
includes the putative start codon of Ehmeth (Table 1). Ehmeth
was ampli®ed from an E.histolytica cDNA library cloned in
the PBK-CMV plasmid (a gift from Dr Tomo Nogazaki), with
primers Ehmethstart and T7 (Table 1). The sequence com-
parison of Ehmeth from the genome database and from the
ampli®ed cDNA library shows the presence of three introns
localized, respectively, between nucleotides 1796 and 1852,
1906 and 1965, and 2451 and 2505 (Supplementary Material
Fig. 1). This observation is interesting in and of itself, since
only a small number of genes show the presence of introns in
this parasite (33).

The computer analysis was performed using the ExPASy
proteomics tools (www.expasy.ch/tools). Ehmeth encodes a
322 amino acid protein devoid of putative signal peptide. The
theoretical molecular weight of Ehmeth is 37.4 kDa, and its
isoelectric point is 7.96. PSORTII analysis based on
Reinhardt's method for cytoplasmic/nuclear discrimination
(34) predicted a nuclear localization for Ehmeth.

ClustalW alignment (Supplementary Material Fig. 2) (35)
of Ehmeth and human Dnmt2 shows the presence of conserved
motifs that correspond, respectively, to the S-adenosyl
methionine binding domain (from amino acid 5 to 22), the
catalytic site (from amino acid 72 to 92), and the PROSITE
signature (http://www.expasy.org/prosite) to cytosine-speci®c
DNA methyltransferases C-terminal (PS00095) (from amino
acid 298 to 316).

Transcription of Ehmeth

In order to establish the transcription of Ehmeth in
trophozoites, a series of northern hybridization experiments
were carried out (Fig. 3). Northern hybridization experiments
detected the presence of an mRNA species of ~1 kb with a
probe speci®c to Ehmeth. This band was observed after 120 h
of exposure. In contrast, <5 h of exposure was needed to detect
the 0.38 kb band of the rRNA small subunit. This result
suggests that the amount of Ehmeth mRNA in trophozoites is

very low. Similarly, Dnmt2 mRNA is hardly detected in
human tissue (36).

Expression of Ehmeth in E.coli and puri®cation of the
recombinant protein

Ehmeth was ®rst expressed as a fusion protein containing an
N-terminal hexahistidine tag (His-Ehmeth). His-Ehmeth has
an apparent molecular mass of 37 kDa which is in good
agreement with the theoretical molecular weight of Ehmeth
(37.4 kDa) (Fig. 4A). Because over-expression of His-Ehmeth
in bacteria resulted in very low expression of the recombinant
protein in soluble material (<0.1 mg/ml) and in the formation of
inactive inclusion bodies (data not shown), we used another
expression system.

The Ehmeth cDNA ORF was subcloned into the PGEX-4T-
1 expression vector, and recombinant Ehmeth was expressed
as a fusion protein containing an N-terminal glutathione-S-
transferase (GST) tag (GST-Ehmeth). The expression of
recombinant fusion protein was expressed at high levels on
induction with IPTG, and soluble material was puri®ed by
af®nity puri®cation over glutathione±Sepharose. GST-Ehmeth
(0.7 mg/ml) had an apparent molecular mass of 64 kDa on
SDS±PAGE (Fig. 4A), which is in good agreement with the
expected size for a fusion between GST (28 kDa) and the
theoretical molecular weight of Ehmeth (37.4 kDa). Cleavage
of the GST tag with thrombin leads systematically to the
precipitation of Ehmeth (data not shown).

Western blot analysis

The presence of Ehmeth in total lysate of trophozoites was
determined by Western immunoblotting under reducing
conditions using a speci®c antibody obtained from rabbit
immunized with GST-Ehmeth. Immunoblot analysis shows
that this antibody reacts speci®cally with GST-Ehmeth (10 ng)

Figure 3. Northern blot analysis of Ehmeth. Total RNA (10 mg) was size
fractionated on 4% polyacrylamide denaturing gel containing 8 M urea
under denaturing conditions and subsequently blotted electrophoretically
onto a nylon membrane. Hybridization was carried out by a probe for the
small subunit of E.histolytica ribosomal RNA (ssrRNA) (lane 1) or for the
Ehmeth ORF (lane 2). The exposure time of X-ray ®lm was 120 h for
Ehmeth and 5 h for ssrRNA.
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and His-Ehmeth (10 ng) and it recognizes an expected band of
37 kDa in the total lysate of trophozoites (Fig. 4B). In addition,
a band of 25 kDa is sometimes detected in the total lysate of
trophozoites but this band is not reproducible and could be the
result of degradation (data not shown). No bands were
observed when rabbit pre-immune serum was used as the
®rst antibody (Fig. 4B).

Cellular localization of Ehmeth

Ehmeth was detected by immuno¯uorescence microscopy
using antibodies raised against GST-Ehmeth (Fig. 5).
Computer-assisted image overlay analysis of the signal
given by Ehmeth antibody and by DAPI, a speci®c nuclear
stain, shows that Ehmeth is concentrated in the nuclei of
trophozoites. This result con®rms the bioinformatics predic-
tion about the nucleus localization of Ehmeth, and supports a
role for Ehmeth in the methylation of E.histolytica rDNA.
Remarkably, the spatial distribution of Ehmeth is similar to

the distribution of the rDNA observed by Willhoeft and
Tannich (37). No signal was observed when rabbit pre-
immune serum was used as ®rst antibody (data not shown).

Methyltransferase activity of GST-Ehmeth

DNA methyltransferase activity of GST-Ehmeth is followed
by incorporation into E.histolytica genomic DNA (5 mg), of a
methyl group provided by [3H]S-adenosyl-L-methionine. After
2 h of incubation at 37°C, no signi®cant DNA methyltransfer-
ase activity was detected with GST-Ehmeth (10 mg) compared
with the background level measured with GST alone (10 mg)
(data not shown). In contrast, M.SssI methyltransferase (5 U;
New England Biolabs) ef®ciently catalysed the transfer of
methyl residues to E.histolytica genomic DNA (159 000 6
2000 c.p.m. in 2 h). However, following 16 h of incubation at
37°C, a low but signi®cant activity was observed with GST-
Ehmeth (2450 6 45 c.p.m.) compared with the background
level measured with GST alone (450 6 10 c.p.m.). No
signi®cant activity was measured in the same experimental
condition with GST-Ehmeth incubated without genomic DNA
(410 6 30 c.p.m.).

5-AzaC induces DNA demethylation and inhibits
virulence of E.histolytica

5-AzaC is an inhibitor of 5-cytosine DNA methyltransferase
(38) currently used as a potent demethylating agent. Once
incorporated in the DNA of an organism, this drug forms
covalent complexes between the DNA and DNA methyl-
transferases that require recombination for repair. We ®rst
determined the concentration of 5-AzaC which was appropri-
ated for the growth of E.histolytica. 5-AzaC (100 mM) totally
inhibits the growth of E.histolytica, which reinforces our
demonstration of an active DNA (m5C) methyltransferase in
the parasite. 5-AzaC (23 mM) does not interfere signi®cantly
with the growth rate (Fig. 6A) of the parasite; therefore, we
chose 5-AzaC (23 mM) as our working concentration.

5-AzaC induces a signi®cant demethylation in the genomic
DNA of trophozoites (Fig. 1B, lane 3). This demethylation
was con®rmed in the rDNA region that encodes SRP by
bisul®te sequencing analysis (Fig. 2C). DNA demethylation

Figure 5. Cellular localization of Ehmeth in E.histolytica trophozoites.
Ehmeth was detected by immuno¯uorescence microscopy using
anti-Ehmeth antibody. Ehmeth distribution is shown in green using a
primary anti-Ehmeth antibody and a secondary antibody conjugated with
FITC. Nuclei (blue) were stained by DAPI. Computer-assisted image
overlay analysis of the signal given by Ehmeth antibody and by DAPI,
shows that Ehmeth is concentrated in the nuclei of trophozoites. Two add-
itional examples showing a nuclear localization of Ehmeth are presented on
the right.

Figure 4. SDS±PAGE and western blot analysis of Ehmeth. (A) GelCode Blue staining of GST-Ehmeth (1 mg; lane 1) and His-Ehmeth (1 mg; lane 2) resolved
under reducing conditions on a 10% SDS±polyacrylamide gel. (B) Western blot analysis under reducing conditions of trophozoites total lysate probed with
the anti-Ehmeth antibody (1/500). Lane 1, GST-Ehmeth (10 ng); lane 2, His-Ehmeth (10 ng); lane 3, total lysate of trophozoites (25 mg); lane 4, trophozoites
total lysate (25 mg) probed with rabbit pre-immune serum (1/500).
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induced by 5-AzaC is correlated with an inhibition of
cytopathic activity (Fig. 6B). Interestingly, binding activity
(Fig. 6C) and hemolytic activities (Fig. 6D) are not affected by
5-AzaC.

Trophozoites that were grown for 2 days with 5-AzaC (23
mM) and then cultivated without 5-AzaC for 2 weeks,
recovered a methylation pattern (Fig. 1B, lane 4) and
cytopathic activity (Fig. 6B) similar to the untreated
trophozoites. This result suggests that the effect of 5-AzaC
on E.histolytica virulence is reversible.

The effect of 5-AzaC on the ability of trophozoites to induce
the formation of liver abscesses in hamster was also
determined (Table 2). Hamsters (6/6) injected with
E.histolytica trophozoites presented extensive necrotic lesions

(>2 cm). In contrast, hamsters (4/6) injected with trophozoites
grown in the presence of 5-AzaC (12 mM) developed smaller
lesions (<1 cm), whereas only one among six hamsters
injected with trophozoites grown in the presence of 5-AzaC
(23 mM) developed a very small abscess (<0.3 cm). These
results taken together suggest that DNA methylation is
involved in the control of E.histolytica virulence.

DISCUSSION

DNA methylation is an epigenetic modi®cation that affects
gene transcription and chromatin formation. This epigenetic
modi®cation is widely distributed, from prokaryotic organ-
isms to higher eukaryotes. In this work, we have demonstrated
the presence of m5C in a number of regions in the
E.histolytica genome using af®nity chromatography with
m5C antibody as ligand and sodium bisul®te reaction.
Remarkably, only rDNA-related sequences were isolated by
our technique. Although we cannot rule out the presence of
other methylated regions in the parasite, rDNA could consti-
tute the main target for methylation. Alternatively, the rDNA
which is on an episome with a copy number of ~200 per
genome (39), could constitute the most abundant sequence
targeted for methylation.

Figure 6. Growth, virulence and adherence assays in trophozoites grown with 5-AzaC. (A) Dose±response analysis of 5-AzaC concentration on the growth of
E.histolytica. Data represent the mean and standard deviation of three independent experiments. (B) Cytopathic activity measuring the in vitro ability of
amoeba grown in the presence of 5-AzaC (23 mM) to destroy a monolayer of CHO cells. The column +/± shows the cytopathic activity of trophozoites grown
for 2 days with 5-AzaC (23 mM) and then cultivated without 5-AzaC for 2 weeks. Data represent the mean and standard deviation of three independent
experiments done in duplicate. (C) Adherence ability of trophozoites grown in the presence of 5-AzaC (23 mM) to a formaldehyde-®xed monolayer of CHO
cells. Data represent the mean and standard deviation of three independent experiments done in duplicate. (D) Hemolytic assay measuring the ability of
trophozoites grown in the presence of 5-AzaC (23 mM) to lyse human red blood cells. Data represent the mean and standard deviation of three independent
experiments done in duplicate.

Table 2. Hamster liver abscess formation by transfected trophozoites
grown with various concentration of 5-AzaC

5-AzaC (mM)
0 11.5 23

Number of animals with abscess 6/6 4/6 1/6
Mean size of abscess (cm) >2 1±2 <0.3
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The pattern of methylation upstream to SRP is unconven-
tional compared with the pattern of methylation in other
eukaryotics where CG dinucleotide is the primary target of
methylation (17). Such a non-conventional pattern of
methylation was recently observed in the genome of
Drosophila expressing Dnmt2 (40). Methylation of rDNA is
related to aging in higher eukaryotes (41±44). In the mouse,
~40% of rDNA repeats are methylated, probably to protect the
genes against unwanted homologous recombination events
(45). The biological signi®cance of rDNA methylation in
E.histolytica remains to be elucidated. In addition, the
technique we have developed to identify methylated DNA
regions can be applied to other organisms like Drosophila,
where the presence of m5C is rare and where CG dinucleotide
is not the primary target of methylation.

The DNA methyltransferase present in E.histolytica
belongs to a very intriguing family. So far, three active
DNA methyltransferases (Dnmt1, Dnmt3a, Dnmt3b) and one
candidate protein (Dnmt2) have been identi®ed in mammals
(5,46). These enzymes share a C-terminal component that
forms the catalytic domain and contains all the amino acid
sequence motifs characteristic for prokaryotic DNA cytosine-
C5 methyltransferases (47). Dnmt1 shows a signi®cant
preference for hemimethylated DNA (48±50) and Dnmt3
methyltransferases are able to methylate both hemimethylated
DNA and non-methylated DNA (51). Both families have an
N-terminal component that determine the speci®c functions
played by these methyltransferases in the cells. Dnmt2 does
not have such an N-terminal domain (32).

The function of Dnmt2 in the cell is unknown and only
recently has its weak, non-conventional DNA methyltransfer-
ase activity been established (40,52). DNA methyltransferase
activity of Ehmeth shares a number of characteristics with
Dnmt2. Ehmeth does not contain in its N-terminal domains
some regulatory elements which are present in Dnmt1 and
Dnmt3 (53,54); the amount of mRNA in the cell is low, and
GST-Ehmeth has a weak DNA methyltransferase activity. A
number of hypotheses could explain this low activity in vitro.
One of them is the presence of the GST tail that could hamper
the activity of Ehmeth. Although we were not able to rule out
this hypothesis because the cleavage of the GST tail caused the
precipitation of Ehmeth, a number of DNA methyltransferases
have yet to be expressed as a GST-fusion protein without loss
of their enzymatic activity (54). Another hypothesis is that,
since our DNA substrate came from wild-type E.histolytica,
many of the methyltransferase substrate sites were presumably
already methylated. Some proteins that interact with DNA
methyltransferases, like histone deacetylase or the small
ubiquitin-like modi®er 1 (55±58), have been proposed as
plausible mechanisms that regulate DNA methyltransferases
function. Our failure to ef®ciently express Ehmeth as His-
tagged recombinant protein in E.coli, and the loss of solubility
when the GST tag is cleaved, suggest that additional proteins
or cofactors may be required for the stabilization and in vivo
activity of Ehmeth.

Our knowledge of the role of DNA methylation in
unicellular eukaryotes is scanty. Kinetoplastid ¯agellates
such as the parasite Trypanosoma brucei contain a b-D-
glucosyl(hydroxymethyl)uracil (called J), a modi®ed base that
replaces a fraction of thymine in their DNA. J is involved in
the transcriptional repression of silent variant surface

glycoprotein gene expression sites (59). This example directly
links the involvement of an epigenetic modi®cation to
virulence in a protozoan parasite. A similar link was
previously demonstrated in prokaryote cells, where Dam
methylation regulates the virulence of Salmonella strains (9).
We searched for such a correlation between DNA methylation
and virulence in E.histolytica by using 5-AzaC. This inhibitor
of DNA methyltransferase which is currently used as a DNA
demethylating agent, is used at a non-toxic concentration to
induce, for example, the expression of tumor suppressor genes
that have been silenced by DNA methylation in cancer cells
(60).

5-AzaC in E.histolytica caused a decrease in m5C present in
the cell, and consequently a shift from a virulent to a non-
virulent phenotype. Interestingly, the effect of 5-AzaC is
reversible, as a recovery of the virulent phenotype measured
in vitro is observed once 5-AzaC is removed for 2 weeks from
the growth media. This observation is in agreement with the
de®nition of `epigenetic' which allows a modi®cation of the
genome to be reversible.

In conclusion, this work is the ®rst report of the existence of
a modi®ed base, m5C, in speci®c regions of the E.histolytica
genome. This work also demonstrates the presence of an
active DNA methyltransferase in the parasite. Our results,
based on 5-AzaC inhibition of DNA methylation, suggest that
Ehmeth could regulate the virulence of the parasite. Work is in
progress to more speci®cally inhibit this enzyme by antisense
and RNAi techniques and to identify genes that are regulated
by Ehmeth. Several other roles of cytosine methylation have
been suggested in mammals, such as epigenetic control of
gene expression during development and protection against
the sel®sh element (46). In the future, it will also be interesting
to determine the signi®cance of epigenetics for other aspects
of the biology of this parasite, such as differentiation to cysts
and inactivation of sel®sh elements like retrotransposons that
have recently been identi®ed recently in the genome of
E.histolytica (61±63).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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