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The Entamoeba histolytica Dnmt2 Homolog (Ehmeth) Confers
Resistance to Nitrosative Stress
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Nitric oxide (NO) has antimicrobial properties against many pathogens due to its reactivity as an S-nitrosylating agent. It inhib-
its many of the key enzymes that are involved in the metabolism and virulence of the parasite Entamoeba histolytica through
S-nitrosylation of essential cysteine residues. Very little information is available on the mechanism of resistance to NO by patho-
gens in general and by this parasite in particular. Here, we report that exposure of the parasites to S-nitrosoglutathione (GSNO),
an NO donor molecule, strongly reduces their viability and protein synthesis. However, the deleterious effects of NO were signif-

icantly reduced in trophozoites overexpressing Ehmeth, the cytosine-5 methyltransferase of the Dnmt2 family. Since these tro-
phozoites also exhibited high levels of tRNA**P methylation, the high levels suggested that Ehmeth-mediated tRNA**P methyl-
ation is part of the resistance mechanism to NO. We previously reported that enolase, another glycolytic enzyme, binds to
Ehmeth and inhibits its activity. We observed that the amount of Ehmeth-enolase complex was significantly reduced in GSNO-
treated E. histolytica, which explains the aforementioned increase of tRNA methylation. Specifically, we demonstrated via site-
directed mutagenesis that cysteine residues 228 and 229 of Ehmeth are susceptible to S-nitrosylation and are crucial for Ehmeth
binding to enolase and for Ehmeth-mediated resistance to NO. These results indicate that Ehmeth has a central role in the re-
sponse of the parasite to NO, and they contribute to the growing evidence that NO is a regulator of epigenetic mechanisms.

moebiasis is a parasitic infection of the human intestine and is

caused by the single-celled protozoa Entamoeba histolytica.
The disease has a worldwide distribution with substantial morbid-
ity and mortality, and it is one of the three most common causes of
death from parasitic disease (1). The clinical spectrum of amoebi-
asis ranges from asymptomatic infection to colitis, dysentery, or
liver abscess. The parasite has two stages in its life cycle: the infec-
tive cyst and the invasive trophozoite. In the host, the parasite is
exposed to various environmental challenges and is capable of
adapting to the demands of its surrounding environment, such as
extreme changes in the glucose concentration and the oxidative
and nitrosative attacks of the host immune system (2-5).

E. histolytica belongs to the so-called family of “Dnmt2-only”
organisms, in that it does not contain any of the canonical DNA
methyltransferases (Dnmtl and Dnmt3). E. histolytica Dnmt2
(Ehmeth) is a weak, but genuine, DNA methyltransferase (6-8),
and its ability to catalyze tRNA™P methylation has been recently
demonstrated (9). This dual specificity of Ehmeth for DNA and
tRNA has also been proposed for the Dnmt2 homolog in Drosoph-
ila melanogaster (10). Although control of gene expression by Eh-
meth has been reported (6), this function is apparently not its
most important function (11). Since Ehmeth expression fluctu-
ates significantly (2- to 3-fold) between laboratory strains where
its expression is barely detectable and strains isolated from pa-
tients, these fluctuations suggest that Ehmeth is associated with
the parasite’s adaptation to its host (reference 8 and unpublished
observations).

While the overall biological functions of Dnmt2/Ehmeth are
not yet completely understood, recent work has enabled us to view
their expressions in terms of the parasite’s survival, longevity, and
adaptability to metabolic and oxidative stresses. We have recently
reported that glucose starvation, with the help of the glycolytic
enzyme enolase, regulates the parasite’s methylation status (9).
Enolase interacts with the catalytic site of Ehmeth and inhibits its

494 ec.asm.org Eukaryotic Cell

p. 494-503

methyltransferase activity. Dnmt2 expression has been implicated
as a necessary component for maintaining the normal life span in
D. melanogaster, and its overexpression induces longevity in fruit
flies (12). It has been proposed that the underlying mechanism of
extended longevity is an increased resistance to oxidative damage,
which has a well-established association with both degenerative
diseases and aging (13). Dnmt2 overexpression induces the ex-
pression of small heat shock protein (HSP) in D. melanogaster (12)
and promotes resistance to H,O, exposure in E. histolytica (14).

Nitric oxide (NO) is the major cytotoxic molecule that is re-
leased by activated macrophages, natural killer cells, and other
phagocytic cells for killing E. histolytica trophozoites (15). We
have previously reported that NO controls the activity of some of
the parasite’s virulence factors (16, 17). It has also been recently
reported that NO triggers stress responses in E. histolytica and that
NO directly inhibits glycolysis and stimulates cysteine synthase
activity (18). Evidence is emerging that NO is also a regulator of
epigenetic events, because it can modify components of the chro-
matin remodelling machinery (19, 20). While knowledge on NO
as an epigenetic regulator is increasing (20, 21), little is known
about the effects of NO on Dnmt activity in general and on Dnmt2
in particular. It is also not known whether the protective effects of
Dnmt2 against oxidative stress or heat shock (22) apply to nitro-
sative stress (14).
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FIG 1 Overexpression of Ehmeth protects E. histolytica against nitrosative stress. (A) Northern blot analysis was performed using total RNA that was extracted
from pJST4-Ehmeth and pcontrol E. histolytica trophozoites. IDNA whose expression was not changed in pJST4-Ehmeth and pcontrol trophozoites were used
as controls for RNA loading. The figure displays a representative result from three independent experiments. (B) Western blot analysis was performed on nuclear
protein fractions that were prepared from pJST4-Ehmeth and pcontrol E. histolytica trophozoites. The proteins were separated on 12% SDS-PAGE gels and
analyzed by Western blotting with an anti-HA (a« HA) antibody or an anti-actin antibody. The figure displays a representative result from three independent
experiments. (C) The viabilities of wild-type E. histolytica trophozoites from strain HM-1:MSS, E. histolytica trophozoites from a strain that was transfected with
a control vector (pcontrol), E. histolytica trophozoites that overexpressed Ehmeth (pJST4-Ehmeth), and E. histolytica trophozoites that overexpressed pJST4-
Ehmeth C228S-C229S exposed to 350 wM GSNO for 30, 60, 90, and 120 min were measured. The number of trophozoites at the beginning of each experiment
was set at 100%. Bars represent the standard deviations of the means. The means of the different groups for three independent experiments were compared using
Student’s ¢ test, and statistical significance was set at 5%. The viabilities of the wild-type E. histolytica trophozoites of strain HM-1:MSS, the pcontrol E. histolytica
trophozoites, and the pJST4-Ehmeth C228S-C229S E. histolytica trophozoites were not significantly different from each other at any time point, In contrast, the
viability of the pJST4-Ehmeth E. histolytica trophozoites was significantly different (P < 0.05) from that of the wild-type E. histolytica trophozoites of strain
HM-1:MSS, the pcontrol E. histolytica trophozoites, and the pJST4-Ehmeth C228S-C229S E. histolytica trophozoites after a 60- or 120-min exposure to GSNO.

In this report, we describe the results of our investigation and
describe the underlying molecular mechanisms of increased tol-
erance to nitrosative stress in E. histolytica trophozoites that over-
express Dnmt2. The findings in this report provide the first evi-
dence of NO-mediated regulation of a Dnmt2 protein.

MATERIALS AND METHODS

Microorganisms. E. histolytica trophozoites strain HM-1:IMSS were
grown under axenic conditions in Diamond’s TYI-S-33 medium at 37°C,
and trophozoites in the exponential phase of growth were used in all
experiments.

Escherichia coli strain BL21(DE3) {F~ ompT gal dcm lon hsd Sy(rg~
my "~ ) M(DE3 [lacl lacUV5-T7 gene 1 ind1 sam7 min5])}, a derivative of the
E. coli B strain, was used for transformation and protein expression.

DNA constructs. The pJST4 expression vector and the pJST4-Klp5
vector (23) were kindly provided by A. Lohia, Department of Biochemis-
try, Bose Institute, India. The pJST4 expression vector enables the expres-
sion of the CHH (calmodulin binding domain, hemagglutin [HA], and
histidine [His])-tagged protein in E. histolytica; expression of this protein
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is driven by an actin promoter. The pJST4-Klp5 vector (pcontrol) (23)
expresses Klp5, a 99-kDa protein that belongs to the kinesin 5 family (Fig.
1B). This plasmid was used as a control in our previous study in order to
exclude the possibility that the CHH tag regulates Ehmeth activity (9), and
we used this plasmid for the same purpose in this study. For more details
about the construction of pJST4-Ehmeth, see reference 9. The transfec-
tion of E. histolytica trophozoites was performed using a previously de-
scribed protocol (14). Details about the construction of the glutathione
S-transferase (GST)—-Ehmeth plasmid were previously described in refer-
ences 8 and 9.

Site-directed mutagenesis. The expression of the mutagenic plasmids
used for recombinant proteins in E. coli BL21(DE3), namely, Ehmeth
C228S-GST, Ehmeth C229S-GST, and Ehmeth C2285-C229S-GST vari-
ants, were created by site-directed mutagenesis. Briefly, pairs of comple-
mentary mutagenic primers (Ehmeth C228S 5" and 3’, Ehmeth C229S 5’
and 3’, and Ehmeth C228S-C229S 5’ and 3’ [Table 1]) were used to
amplify the entire GST-Ehmeth plasmid with a high-fidelity non-strand-
displacing DNA polymerase (PFU DNA polymerase; Promega). The tem-
plate DNA was eliminated by enzymatic digestion with Dpnl, which is
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TABLE 1 Primers used in this study

Primer name Sequence Direction
Ehmeth C228S 5’ GATAAAAGGACTTCATGTTTTACTAAGTCA  Sense
Ehmeth C228S 3’ TGACTTAGTAAAACATGAAGTCCTTTTATC  Antisense
Ehmeth C229S 5’ AAAAGGACTTGTTCATTTACTAAGTCATAT  Sense
Ehmeth C229S 3’ ATATGACTTAGTAAATGAACAAGTCCTTTT Antisense
Ehmeth C2285-C229S 5" GATAAAAGGACTTCATCATTTACTAAGTCA Sense
Ehmeth C2285-C229S 3" TGACTTAGTAAATGATGAAGTCCTTTTATC Antisense
rDNA 5’ ATGGTGAACAATCATACCTT Sense
rDNA 3’ TTATCGGATGTGTGAGCCC Antisense
Universal primer CGCGCGAAGCTTAATACGACTCACTATA

tRNAMP primer TGGCGCTTCAACGGGGATT

specific for methylated DNA, while the mutated plasmid that was gener-
ated in vitro was unmethylated and was left undigested. All created mu-
tants were sequenced to ensure the presence of desired mutations and the
absence of undesired mutations.

For the expression of CHH-tagged Ehmeth C228S-C229S (pJST4 Eh-
meth C228S-C229S) in E. histolytica, Enmeth C228S-C229S was amplified
from the plasmid C228S-C229S-GST using the primers Ehmethkpn and
EhmethBgl (Table 1) and then cloned in the pJST4 expression vector.

Induction of protein S-nitrosylation. Trophozoites that were grown
in Diamond’s TYI-S-33 medium were incubated with freshly prepared
S-nitrosoglutathione (GSNO) solution (350 wM; Sigma-Aldrich) for 1 h
at 37°C. The trophozoites were then pelleted by centrifugation at 300 X g
for 3 min at 4°C, and either total protein extract or total RNA extract was
prepared for further analysis.

Northern blotting. For Northern blotting, total RNA was extracted
using the RNA isolation kit TRI reagent (Sigma). RNA (10 pg) was sepa-
rated on a 1% agarose, 0.3% formaldehyde gel in morpholinepropanesul-
fonic acid (MOPS) buffer (0.2 M MOPS, 50 mM sodium acetate, 5 mM
EDTA; pH 7) and then blotted to Genescreen membranes (NEN Bioprod-
ucts, Boston, MA). The RNA was cross-linked to the membrane by UV
irradiation (1,200 J/cm?) in a UV Stratalinker apparatus (Stratagene) fol-
lowed by drying at 80°C for 2 h. The membrane was washed in hybridiza-
tion buffer (0.5M NaP, 7% SDS, 1 mM EDTA) and then blocked with 100
pg/ml salmon sperm DNA for 1.5 h. Probes were randomly labeled with
[«-**P]dCTP by using a random primer DNA labeling mix (Biological
Industries, Kibbutz Beit Haemek, Israel) and cleaned on a G-50 column
(GE Healthcare). Hybridization with the probes was performed at 60°C
overnight. The membrane was then washed several times at 60°C with
washing buffer 1 (5% SDS, 40 mM NaP, 1 mM EDTA; pH 7.2), and then
with washing buffer 2 (1% SDS, 40 mM NaP, 1 mM EDTA; pH 7.2). The
membrane was then exposed to X-ray film (Fujifilm), and the film was
developed for detection of the signal.

Western blotting. For Western blotting, nuclear fractions of pJST4-
Ehmeth- or pcontrol-transformed E. histolytica trophozoites were pre-
pared using a previously described protocol (24). Proteins were resolved
on 12% SDS-polyacrylamide gel electrophoresis gels and then transferred
to nitrocellulose membranes. Blots were then blocked (3% skim milk
powder) and probed with 1:500 mouse monoclonal enolase antibody (sc-
271384; Santa Cruz Biotechnology), 1:500 rabbit HA antibody (sc-805;
Santa Cruz Biotechnology), or 1:2,000 actin mouse monoclonal antibody
(ICN691001; MP Biomedicals) for 16 h at 4°C. After incubation with the
first antibody, the blots were incubated with a 1:5,000 dilution of a corre-
sponding second antibody for 1 h at room temperature (Jackson Immu-
noResearch) and then developed via enhanced chemiluminescence.

Viability assay under NO stress. E. histolytica trophozoites (1 X 10°)
were exposed to 350 uM GSNO for 30, 60, 90, and 120 min. At each time
point, an aliquot (10 pl) of the culture was stained with eosin (0.1% final
concentration), and the number of living trophozoites was counted in a
counting chamber under a light microscope.

tRNA bisulfite sequencing. Total RNA isolation and bisulfite conver-
sions were done using a previously described protocol (25). Bisulfite-
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treated tRNAs were reverse transcribed by using a tRNA 3’-specific stem-
loop primer and amplified with primers that bind only to the deaminated
sequences at the 5’ end (Universal primer and Second tRNA**P primer
[Table 1]). Amplicons were subcloned in pGEM-T Easy (Promega) and
sequenced (by the Multi-Disciplinary Laboratories Unit, Bruce Rappa-
port Faculty of Medicine, Technion).

Protein synthesis assay with puromycin. Trophozoites (2 X 10%/ml)
that were treated with either 35 uM or 175 wM GSNO for 15 min at 37°C
and untreated control trophozoites were incubated with 10 pg/ml puro-
mycin (Sigma) for 20 min. For pretreatment of the trophozoites with
cycloheximide (Sigma), the trophozoites were incubated with 100 g/ml
cycloheximide for 5 min before the addition of puromycin. The tropho-
zoites were lysed with 1% Igepal (Sigma) in phosphate-buffered saline
(PBS). Puromycin was detected by immunoblotting with a 12D10 clone
monoclonal puromycin antibody (Millipore).

Protein synthesis assay with [**S]methionine. Trophozoites (2 X
10°/ml) that were grown in Diamond’s TYI-S-33 medium were harvested
by low-speed centrifugation at room temperature, washed twice with Dul-
becco’s modified Eagle medium (DMEM) without serum, and then ex-
posed to 350 uM GSNO for 20 min at 37°C. The trophozoites were
washed twice again with DMEM without serum and then incubated with
50 pCi/ml [**S]methionine (Sigma) for 2 h at 37°C. The trophozoites
were washed twice with PBS and then lysed using 1% Igepal (Sigma) in
PBS. Radiolabeled proteins were precipitated on Whatman filter paper
by using trichloroacetic acid and were analyzed by liquid scintillation
counting.

Proteolysis of protein samples and mass spectrometry analysis. Pro-
tein samples were resolved by 12% SDS-polyacrylamide gel electrophore-
sis. The proteins in each gel slice were reduced with 2.8 mM dithiothreitol
(DTT; 60°C for 30 min), modified with 8.8 mM iodoacetamide in 100 mM
ammonium bicarbonate in the dark at room temperature for 30 min, and
digested overnight in 10% acetonitrile and 10 mM ammonium bica-
bonate with modified trypsin (Promega) at 37°C. The resulting tryptic
peptides were resolved by reverse-phase chromatography on 0.075- by
200-mm fused silica capillaries (J&W) packed with Reprosil reverse-phase
material (Dr. Maisch GmbH, Germany). The peptides were eluted with
linear gradients of 7 to 40% acetonitrile with 0.1% formic acid in water at
a flow rate of 0.25 pl/min over 94 min and 95% acetonitrile with 0.1%
formic acid in water at a flow rate of 0.25 pl/min over 12 min. Mass
spectrometry (MS) was performed by using an ion trap mass spectrometer
(Orbitrap; Thermo) in positive mode and repetitively full MS scan fol-
lowed by collision-induced dissociation (CID) of the seven most domi-
nant ions selected from the first MS scan.

The mass spectrometry data were analyzed using the MaxQuant
1.4.1.2 software (26), which searched the E. histolytica section of the
NCBI-nr database with a 1% false-discovery rate, and quantified by label-
free analysis using the same software.

Immunoprecipitation assays. Aliquots of nuclear protein fractions
(100 pg) were diluted in 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.1%
Triton, 10% glycerol (HNTG buffer; 300 wl final volume) and then incu-
bated with protein G-Sepharose beads (10 pl; Sigma) for 30 min at 4°C.
Nonspecific interacting proteins were excluded by centrifugation (3,000
rpm at 4°C for 5 min). The supernatant was incubated with either 1:200
HA antibody or enolase antibody for 2 h at 4°C. Following incubation,
protein G-Sepharose beads (20 pl) were added to the samples, which were
then incubated for 16 h at 4°C. Immunoprecipitated proteins were col-
lected by centrifugation, washed three times with HNTG buffer, and then
resolved by 12% SDS-polyacrylamide gel electrophoresis. The proteins
were then transferred to nitrocellulose membranes for Western blot anal-
ysis and detected with either a mouse monoclonal enolase antibody (sc-
271384; Santa Cruz Biotechnology) or a rabbit six-histidine antibody (sc-
803; Santa Cruz Biotechnology).

Expression of recombinant Ehmeth and Ehmeth mutant proteins in
E. coli BL21. E. coli BL-21(DE3) cells that were transfected with the re-
spective vectors (GST-Ehmeth, Ehmeth C228S-GST, Ehmeth C229S-
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GST, and Ehmeth C228S-C229S-GST) were grown overnight at 37°C in
Luria broth (LB) medium that contained 100 pg/ml ampicillin. These
precultures were inoculated with a 500 ml of a 1:100 dilution of fresh LB
medium that contained 100 pwg/ml ampicillin and were further grown for
3 h until the optical density at 600 nm of the medium reached 0.8. These
bacteria were induced with 0.5 mM isopropyl-beta-p-thiogalactopyrano-
side (IPTG) for 16 h at 25°C. At the end of incubation, the induced cells
were harvested and lysed in lysis buffer (100 mM KCI, 1 mM DTT, 1 mM
phenylmethylsulfonylfluoride, 100 wg/ml lysozyme, and 100 pg/ml leu-
peptin in PBS). The lysed cells were then sonicated for 5 min with 30-s
pulses, with 30 s between each pulsing session. The lysis was completed by
adding 1:100 BugBuster protein extraction reagent (Novagen). The lysate
was then centrifuged at 2,000 X g for 20 min in order to recover the
soluble proteins in the supernatant. GST fusion proteins were purified by
affinity purification on glutathione-Sepharose beads. The recombinant
proteins were then eluted with glutathione elution buffer (50 mM Tris-
HCI [pH 8.0], 10 mM glutathione [Sigma]), and their concentrations
were measured by using Bradford’s method (27).

Exposure of Ehmeth and mutants proteins to GSNO. Aliquots (0.04
nmol) of recombinant protein were treated with 5 uM GSNO for 1 h at
37°Cin 20 pl of methylation buffer without DTT (100 mM Tris-HCI [pH
7.5], 5% glycerol, 5 mM MgCl,, and 100 mM NaCl). DTT (20 mM) was
added to certain protein samples following their exposure to GSNO to
revert their S-nitrosylation. Recombinant proteins were resolved by 12%
polyacrylamide gel electrophoresis under native conditions and then
transferred to nitrocellulose membranes. Membranes were blocked (3%
skim milk powder) and then probed with 1:800 rabbit polyclonal S-ni-
trosocysteine (S-NO-Cys) antibody (N5411; Sigma) for 1 h at room tem-
perature. The membrane were then incubated with 1:5,000 secondary
antibody to rabbit IgG (Jackson ImmunoResearch) for 1 h at room tem-
perature and developed by using enhanced chemiluminescence. Ponceau
S staining of the blots prior to their blocking was used to control the
loading and transfer of the proteins to the membranes.

Molecular docking. The coordinates for the E. histolytica enolase
structure (GenBank accession number XP_649161.1; PDB ID 3QTP) and
the E. histolytica methyltransferease EnMeth/Dmnt2 (GenBank accession
number XP_655267.2; PDB ID 3QV2) were obtained from the Protein
Data Bank (http://www.rcsb.org/pdb/home/home.do). All nonprotein
residues were removed prior to the docking procedure. Subunit B of eno-
lase was considered the receptor, because it was larger (438 residues) than
Ehmeth (320 residues), which served as the ligand during docking. The
protein-protein docking was done using the Hex 6.3 platform (28) and the
shape correlation. Similar clusters of docked proteins were obtained using
SwarmDock (29) and ClusPro (30). Docked complexes were visualized,
and the images were produced using PyMol (http://www.pymol.org/).

RESULTS

Overexpression of Ehmeth protects E. histolytica against nitro-
sative stress. In order to test the hypothesis that Ehmeth is in-
volved in the protection of the parasite against nitrosative stress,
we determined the viability of three strains of E. histolytica tropho-
zoites, namely, wild-type strain HM-1:MSS, E. histolytica tropho-
zoites transfected with pcontrol, and E. histolytica trophozoites
transfected with pJST4-Ehmeth and that overexpressed Ehmeth,
after their exposure to 350 wM GSNO for 120 min. GSNO was
selected as the NO donor molecule because it is the main nonpro-
tein S-nitrosothiol (SNO) in human cells and extracellular fluids
(31).

The overexpression of Ehmeth as a CHH-tagged protein was
confirmed by both Northern and Western blotting (Fig. 1A and
B). Figure 1C displays the time-dependent changes in viability of
the three types of E. histolytica trophozoites. After 60 min, the
viabilities of the wild-type and pcontrol trophozoites were less
than that of the pJST4-Ehmeth trophozoites. These differences in
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viability were exacerbated after 120 min: only 25% of the wild-
type E. histolytica trophozoites and pcontrol trophozoites were
viable, whereas 50% of the pJST4-Ehmeth trophozoites were via-
ble. These results indicate that Ehmeth contributes toward pro-
tecting E. histolytica trophozoites against nitrosative stress.

tRNA“P methylation and protein synthesis in NO-treated
trophozoites. Eukaryotic protein synthesis is regulated by a vari-
ety of tRNA modifications (32). In addition, stress-specific repro-
gramming of modified ribonucleosides in tRNA is involved in the
selective translation of survival proteins (33). We decided to in-
vestigate whether Ehmeth is involved in the mechanism of NO
resistance in the parasite. For this purpose, we determined the
levels of tRNA®P methylation and protein synthesis in pcontrol
trophozoites and pJST4-Ehmeth trophozoites before and after
GSNO treatment.

For determining the level of tRNA*P methylation, we used a
recently developed method that is based on bisulfite sequencing of
tRNA and enables direct detection of cytosine methylation in
tRNA by accurately localizing the methylated cytosines within the
sequence (25). The cytosine 38 residue in tRNA™P is a well-known
substrate of Dnmt2 enzymes (25, 34, 35). Amplicons (PCR prod-
ucts) of tRNA™P were generated from bisulfite-treated total RNA
samples that were extracted from E. histolytica strains, and the
sequences of several independent amplicons were determined. We
observed that cytosine 38 methylation in the pJST4-Ehmeth tro-
phozoites was 5 times greater than that in the pcontrol trophozo-
ites (Fig. 2A). This increase of cysteine 38 methylation in the
pJST4-Ehmeth trophozoites that were exposed to 350 uM GSNO
for 1 h was even higher (6.7 times) than that in the pcontrol tro-
phozoites (Fig. 2A). There were no differences in the levels of
cysteine 38 methylation in the untreated and GSNO-treated pcon-
trol trophozoites. In contrast, the levels of cysteine 38 methylation
in the GSNO-treated pJST4-Ehmeth trophozoites were substan-
tially greater than those in the pJST4-Ehmeth trophozoites that
were not exposed to GSNO. We observed 100% methylation of the
cytosine 49 residue in the three types of trophozoites, irrespective
of whether or not they were exposed to GSNO. These findings
suggested that the methylation of the cytosine 49 residue is not
catalyzed by Ehmeth (Fig. 2A). We also found complete demethy-
lation of other cytosine residues (32, 33, 37, 48, and 56), and these
findings indicated that the bisulfite treatment was efficient (Fig.
2A). Collectively, these results confirm our previous observations
about the ability of Ehmeth to methylate tRNA”*? (9) and indicate
that Ehmeth is similar to other Dnmt2 proteins in that it methy-
lates the cytosine 38 residue of tRNA*P. Additionally, our results
showed an unexpected positive effect of NO on tRNA**P methyl-
ation in the pJST4-Ehmeth trophozoites.

Next, we hypothesized that the hypermethylation of tRNA*?
that we detected in the pJST4-Ehmeth trophozoites promotes
protein synthesis. In order to test this hypothesis, we used the
surface sensing of translation (SUnSET) technique (36), which
uses the antibiotic puromycin (a structural analog of tyrosyl-
tRNA) and puromycin antibodies to detect the amount of puro-
mycin that was incorporated into nascent peptide chains.

We observed that pcontrol and pEhmeth trophozoites had
comparable rates of protein synthesis under control conditions
(Fig. 2B). Treating pcontrol trophozoites with either 35 pM or 175
pM GSNO for 15 min inhibited protein synthesis by 30% and
90%, respectively (Fig. 2B). These inhibitory effects of 35 uM and
175 pM GSNO were less pronounced (10% and 40% inhibition,
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FIG 2 Level of tRNA”** methylation in NO-treated trophozoites. (A) Bisulfite sequencing analysis of tRNA** in pcontrol E. histolytica trophozoites, pcontrol
E. histolytica trophozoites that were treated with 350 uM GSNO for 1 h, pJST4-Ehmeth trophozoites, pJST4 Ehmeth trophozoites treated with GSNO (350 pM
for 1h), pJST4-Ehmeth C228S-C229S trophozoites, and pJST4-Ehmeth C228S-C229S trophozoites treated with GSNO (350 uM for 1 h). The numbers of clones
(sequence reads) are displayed in parentheses on the left side of each row. Black areas in the circles indicate methylated cytosine residues, and white areas indicate
unmethylated cytosine residues. The percentage of methylated cytosines is indicated below each circle. The location of specific cytosines in the tRNA is
indicated under each row. The levels of C38 tRNA**P methylation in the untreated pcontrol and GSNO-treated pcontrol trophozoites were not significantly
different from each other according to the analysis with Student’s # test, for which statistical significance was set at 5%. In contrast, the levels of C38 tRNA**?
methylation in the untreated and GSNO-treated pJST4 Ehmeth trophozoites were significantly different (P < 0.05). (B) Protein synthesis, measured using
puromycin-labeled proteins. pcontrol E. histolytica trophozoites, pJST4-Ehmeth E. histolytica trophozoites, and pJST4-Ehmeth C228S-C229S E. histolytica
trophozoites were mock treated (control), labeled with 10 pg/ml puromycin (Puro), or treated with 35 uM or 175 wuM GSNO for 15 min and then labeled with
puromycin for 20 min (Puro + GSNO). Some trophozoites were treated with cycloheximide (CHX; 100 g/ml) before puromycin labeling (Puro + CHX). The
extracts were separated by denaturing electrophoresis and analyzed by Western blotting with a 12D10 clone puromycin antibody. An actin immunoblot is shown
as the loading control. The results are representative of two independent experiments. a-Puro, anti-Puro antibody. (C) Functional categories of the upregulated
proteins in pJST4-Ehmeth E. histolytica trophozoites and pcontrol E. histolytica trophozoites exposed to 350 uM GSNO for 1 h. The upregulated proteins were
classified according to their biological role based on the David Bioinformatics Resources (http://david.abcc.ncifcrf.gov/).

respectively) in the pJST4-Ehmeth trophozoites (Fig. 2B). Cyclo-  resistance to nitrosative stress. For this purpose, we performed

heximide is an inhibitor of protein biosynthesis (37). We also
found that the extent of inhibition of protein synthesis by cyclo-
heximide was the same (90%) in the untreated pcontrol and the
pJST4-Ehmeth trophozoites. The observation that the inhibitory
effect of GSNO in the pJST4-Ehmeth trophozoites was less pro-
nounced than that in the pcontrol trophozoites was confirmed
independently by measuring the rate of protein synthesis in these
trophozoites by using [*°S]methionine (see Fig. S1 in the supple-
mental material).

We next determined whether Ehmeth overexpression selec-
tively influences the synthesis of proteins that are involved in the
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quantitative proteomic analysis of pcontrol and pJST4-Ehmeth
trophozoites that were exposed or not exposed to 350 uM GSNO
for 1 h (see Table S1 in the supplemental material for results of the
complete analysis). For the purpose of this study, we decided to
focus on proteins that were upregulated in the GSNO-treated
pJST4-Ehmeth trophozoites and compare them to those from
GSNO-treated pcontrol trophozoites (Fig. 2C). Among these pro-
teins, we identified proteins that are involved in protein transla-
tion, such as the 60S and 40S ribosomal proteins and glycyl-tRNA
synthetase, protein transport, such as the coatomer beta-subunit
and vacuolar sorting protein, and signaling, such as the Rab family
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GTPases. Interestingly, two proteins that were significantly up-
regulated were alcohol dehydrogenase 2 (ADH2; 3-fold increase)
and the antioxidant peroxiredoxin (4-fold increase). ADH2 is es-
sential for energy metabolism of oxidatively stressed parasites
(38), and peroredoxin has been reported to be associated with
resistance to nitrosative stress in Leishmania spp. (39).

Collectively, these results strongly suggest that Ehmeth-medi-
ated tRNA methylation has a positive effect on protein synthesis in
general and on stress response-related proteins in particular when
the parasite is nitrosatively stressed.

The amount of the Ehmeth-enolase inhibitory complex is re-
duced in NO-treated trophozoites. Although NO usually inhibits
enzymatic activity, it can also activate enzymatic activity, as re-
ported for the E. coli transcription factors OxyR and SoxR (21).
Hence, we decided to investigate whether NO also modulates Eh-
meth activity. Ehmeth is devoid of any tRNA methyltransferase
activity in the absence of DTT (data not shown). On the other
hand, the effect of NO on Ehmeth activity could not be deter-
mined in the presence of DTT, because DTT reverses the S-ni-
trosylation of cysteine.

We previously reported that enolase binds to Ehmeth and in-
hibits its activity (9). We hypothesized that the hypermethylation
of tRNA*P in NO-treated pJST4-Ehmeth trophozoites (Fig. 2A) is
due to reduced formation of the enolase-Ehmeth complex. In or-
der to test this hypothesis, we used trophozoites that were trans-
fected with pJST4-Ehmeth plasmids. In the absence of an efficient
Ehmeth antibody, we used an HA antibody to immunoprecipitate
Ehmeth and visualized it by Western blotting. Using this ap-
proach, which had been previously validated (9), we showed that
the amount of Ehmeth-enolase complex in the pJST4-Ehmeth
trophozoites that were exposed to 350 uM GSNO for 1 h was
significantly lower than that found in the untreated pJST4-Eh-
meth trophozoites (Fig. 3A). This result can be explained by either
a direct effect of NO on the amount of the Ehmeth-enolase com-
plex or by NO limiting the availability of either one or both of the
constituents of the complex. According to the results of Western
blot analysis, the amount of Ehmeth did not change in the GSNO-
treated parasites (Fig. 3B). Collectively, these results indicate that
NO can directly influence the amount of the Ehmeth-enolase
complex and the methylation status of tRNA™P,

Although the crystal structure sizes of Ehmeth and enolase
have been determined to be 2.15A and 1.94, respectively (40, 41),
the molecular details of the Ehmeth-enolase interaction remains
uncharacterized.

In order to predict which cysteine residues in Ehmeth are in-
volved in the formation of the Ehmeth-Enolase complex and
might be potential targets for S-nitrosylation, we performed an in
silico docking analysis. Prior to screening for possible complex
interfaces, the structures were stripped of nonprotein constitu-
ents. The program Hex 6.3 explores the possible energies of pro-
tein-protein interactions by using both shape complementarity
and electrostatic effects. The top-rated structure, which is dis-
played in Fig. 4A, showed strong surface complementarity with
the loop between residues 250 and 260 of enolase that includes the
glutamic acid 253 (Glu253) residue and juts into the aperture that
is formed between two globular lobes of the Ehmeth protein. This
strong surface complementarity brings the Glu253 residue of eno-
lase into close proximity with the Cys229 residue of Ehmeth. In
addition, both the Cys229 residue and its neighbor, the Cys228
residue, of Ehmeth are on a rather unstructured loop, with their
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FIG 3 Nitric oxide regulates the amount of Ehmeth-enolase inhibitory com-
plex formed. (A) Ehmeth samples from nuclear lysates of pJST4-Ehmeth and
pJST4 Ehmeth E. histolytica trophozoites that were treated with 350 uM GSNO
for 1 h was immunoprecipitated (IP) with a monoclonal anti-HA (o HA)
antibody. The presence of enolase among the immunoprecipitated proteins
was detected by Western blotting with an enolase antibody (left). The presence
of CHH-tagged Ehmeth among the immunoprecipitated proteins was de-
tected by Western blotting by using a histidine antibody. The immunoprecipi-
tation experiments were also performed with nuclear lysates of pcontrol E.
histolytica trophozoites as a negative control for the expression of CHH-tagged
Ehmeth and for the immunoprecipitation of enolase (right). (B) Western blot
analysis of nuclear proteins prepared from GSNO-treated pJST4-Ehmeth and
pJST4-Ehmeth E. histolytica trophozoites. The proteins were separated on 12%
SDS-PAGE gels and analyzed by Western blotting with an HA antibody, an
enolase antibody, or an actin antibody. The figure displays a representative
result from at least three independent experiments.

SH groups pointing outwards. Hence, the two Cys residues are
potentially accessible to NO and to an interacting protein. Figure
4B details the putative interaction between the Glu253 residue of
enolase and the Cys229 residue of Ehmeth; the Cys229 residue of
Ehmeth was computationally modified by adding NO to the ter-
minal sulfur atom in Fig. 4C.

In Fig. 4D, the complex components have been separated and
each protein turned 90° in order to reveal the interaction interface.
These interfaces have been overlaid with the surface electrostatic
potential, which was calculated using the algorithm in PyMol, a
molecular visualization system. This analysis clearly showed that a
strong negative potential surrounds the Glu253 residue of enolase,
while the area that surrounds the Cys229 residue of Ehmeth is
strongly positive.
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FIG 4 Molecular modeling of the putative enolase-Ehmeth complex. The atomic coordinates of E. histolytica enolase and Ehmeth proteins (PDB codes 3QTP
and 3QV2, respectively) were docked using the Hex 6.2 platform. (A) The overall best docked structure. (B and C) Close-up images of the interaction between
the Glu253 residue of enolase and the Cys229 residue of Ehmeth in the native (B) and NO-modified (C) forms. The complex shown in panel A was disassembled
by rotating the enolase 90° in a clockwise direction and the Ehmeth 90° in a counterclockwise direction (the black arrows indicate the direction of complex
formation). The interaction interfaces of both proteins are indicated by black circles. (D) Vacuum electrostatic potentials were generated using PyMOL in order
to illustrate the charge variance of the E. histolytica enolase and Ehmeth proteins, with red and blue indicating negative and positive surfaces, respectively.

Collectively, the output of the in silico computer-based mod-
eling of the Enmeth-enolase interaction suggested that the Cys228
and Cys229 residues are accessible to NO and are important sites
for the binding of Ehmeth to enolase.

In order to test the accuracy of this model, we created three
Ehmeth mutant proteins: Ehmeth228, Ehmeth229, and Eh-
meth228-229, in which the Cys228 residue, the Cys229 residue,
and the two cysteine residues were, respectively, replaced with a
serine. Following the exposure of the wild-type and mutated pro-
teins to 5 WM GSNO for 1 h, their levels of S-nitrosylation were
compared by Western blot analysis by using an S-NO-Cys anti-
body (Fig. 5A). The presence of S-nitrosylated cysteine(s) was de-
tected in the wild-type Ehmeth protein, but the signal was signif-
icantly attenuated in the single mutants and even more so in the
double mutants. The specificity of the S-NO-Cys antibody was
confirmed by the loss of signal in Ehmeth proteins that were
treated with DTT immediately after their S-nitrosylation by
GSNO (Fig. 5A). Collectively, these results indicated that Cys228
and Cys229 are efficiently S-nitrosylated.

500 ec.asm.org

We next determined the involvement of these cysteines in the
formation of the Ehmeth-enolase complex. For this purpose, Eh-
meth228-229 was expressed as a CHH-tagged protein in the par-
asite. According to the results of our Western blot analysis (Fig.
5B), the amounts of Ehmeth and Ehmeth228-229 proteins in the
pJST4-Ehmeth and the pJST4-Ehmeth228-229 trophozoites were
the same. The amounts of enolase-Ehmeth complex in the pJST4-
Ehmeth and the pJST4-Ehmeth228-229 trophozoites were then
determined by immunoprecipitation analysis (Fig. 5C). We found
that the amount of the Ehmeth-enolase complex in the pJST4-
Ehmeth228-229 trophozoites was substantially smaller than that
found in the pJST4-Ehmeth trophozoites (Fig. 5C). These results
indicated that the Cys228 and Cys229 residues in Ehmeth are in-
volved in the binding of Ehmeth to enolase and strongly suggest
that the S-nitrosylation inhibits the formation of the Ehmeth-
enolase complex. We next determined the involvement of the
Cys228 and Cys229 residues in Ehmeth activity. We found that the
levels of tRNA**P methylation in pcontrol and pJST4-Ehmeth228-
229 trophozoites were the same, and this result strongly suggested
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FIG 5 Role of Ehmeth Cys228 and Cys229 in the formation of the Ehmeth-enolase complex. (A) Western blot analysis of recombinant proteins (Ehmeth,
Ehmeth C228S, Ehmeth C229S, and Ehmeth C228S-C229S) that were treated with 5 WM GSNO for 1 h at 37°C. The proteins were resolved on 12% polyacryl-
amide gels under native conditions, transferred to a nitrocellulose membrane, and then probed with an S-NO-Cys antibody (o S-NO-Cys). Ponceau staining of
the membrane prior to its interaction with the S-NO-Cys antibody was used as a loading control. The Ehmeth plus DTT control shows the results with the Ehmeth
recombinant protein treated with 5 uM GSNO for 1 h at 37°C followed by incubation with 20 mM DTT for 5 min at 37°C. The figure displays a representative
result from at least three independent experiments performed singly. (B) Western blot analysis of nuclear protein fractions prepared from pJST4-Ehmeth and
pJST4-Ehmeth C228S-C229S E. histolytica trophozoites performed using an HA antibody, an enolase antibody, or an actin antibody. The figure displays a
representative result from at least three independent experiments performed singly. (C) Immunoprecipitation analysis of Ehmeth from pJST4-Ehmeth and
pJST4-Ehmeth C228S-C229S E. histolytica trophozoites, performed with an HA antibody. The presence of enolase among the immunoprecipitated proteins was
detected by using an enolase antibody. The amounts of Ehmeth and Ehmeth C228S-C229S in the pJST4-Ehmeth and pJST4-Ehmeth C228S-C229S E. histolytica
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trophozoites were determined by using a histidine antibody.

that these mutations impair the catalytic activity of Ehmeth (Fig.
2A). We also found that untreated and GSNO-treated pcontrol
and pJST4-Ehmeth228-229 trophozoites had comparable rates of
protein synthesis (Fig. 2B), and this result strongly suggested that
the level of protein synthesis correlates with the level of tRNA*P
methylation.

Finally, we compared the protective effect of Ehmeth of nitro-
satively stressed pJST4 Ehmeth228-229 trophozoites to that of ni-
trosatively stressed wild-type, pJST4 pcontrol, and pJST4Ehmeth
E. histolytica trophozoites. We found that the protective effect of
Ehmeth in nitrosatively stressed trophozoites was lost when the
Ehmeth228-229 protein was overexpressed (Fig. 1C).

DISCUSSION

Mammalian defense strategies against pathogens include the pro-
duction of a chemical arsenal, such as reactive oxygen and nitro-
gen species. NO plays a major role in this defense process, and
NO-induced inhibition of protein synthesis is part of its cytostatic
action in mammalian cells. Different mechanisms, such as NO-
mediated cleavage of 28S and 18S rRNA (42) and NO-induced
phosphorylation of eukaryotic initiation factor 2« (elF-2a) (43)
have been proposed to explain this inhibitory activity. Therefore,
one might surmise that any action of the parasite to counteract the
deleterious effect of NO on its protein synthesis is an effective
means of resistance against nitrosative stress. Our data indicate
the existence of a strong correlation between Ehmeth-mediated
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tRNA methylation and the control of protein synthesis in nitrosa-
tively stressed E. histolytica trophozoites. Most of the recent efforts
to explain the role of Dnmt2 in the protection of different organ-
isms from environmental stresses have focused on the organisms’
abilities to methylate tRNA (22). Recently, it was proposed that
cytosine-5 tRNA methylation in mice promotes tRNA stability
and protein synthesis and prevents stress-induced RNase cleavage
by angiogenin (44). According to the results of our bioinformatics
analysis, the absence of an angiogenin homolog in E. histolytica
(data not shown) suggests that this protective mechanism does
not exist in E. histolytica, or that a still-undiscovered RNase in E.
histolytica has a similar function to that of angiogenin. In contrast,
the upregulation of ribosomal proteins 40S and 60S subunits in
the GSNO-treated pJST4-Ehmeth trophozoites may be an influ-
ential mechanism for maintaining protein synthesis in nitrosa-
tively stressed trophozoites. Our observations are in agreement
with the findings of Len and others, indicating that the upregula-
tion of ribosomal proteins 30S and 50S contributes to acid toler-
ance in Streptococcus mutans (45).

The preservation of protein synthesis as a mechanism of resis-
tance against nitrosative stress is somewhat counterintuitive.
The general stratagem in most oxidatively stressed and heat-
shocked species, including E. histolytica, typically includes
downregulation of protein synthesis (46, 47) in order to stop en-
ergy waste and the toxic buildup of damaged or misfolded pro-
teins. In this investigation, we found paradoxical evidence on the
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maintenance of protein synthesis in GSNO-exposed pJST4-Eh-
meth trophozoites. We surmise that the additional protein syn-
thesis is a mechanism of titration/competition against the intra-
cellular accumulation of S-nitrosylated proteins. Essentially, an
intracellular protein reservoir is created in order to buffer the
effects of nitrosative damage. This notion is well illustrated by the
fact that the synthesis and turnover of Fe-S cluster-containing
proteins in E. histolytica that were exposed to the NO donor so-
dium nitroprusside increased in order to overcome the deleteri-
ous effects of NO treatment (18).

Our data indicate that expression of specific stress-related pro-
teins is upregulated in GSNO-treated pJST4-Ehmeth trophozo-
ites. This finding is in agreement with those of Santi-Roca and
others (18), who reported that the amount of peroxiredoxin tran-
scripts was increased by NO in E. histolytica. It has been reported
that ADH?2 (48, 49) and peroxiredoxin (50) are associated with the
resistance of other organisms to oxidative stress and nitrosative
stress (51-53). Accordingly, we posit that these enzymes contrib-
ute to the resistance to nitrosative stress of pJST4 Ehmeth tropho-
zoites.

Growing evidence indicates that NO can regulate key epige-
netic events, including chromatin remodeling (for a recent review,
see reference 21). Our data indicate that S-nitrosylation regulates
Dnmt?2 activity by inhibiting the formation of an Ehmeth-enolase
complex. Since enolase binds to Ehmeth and inhibits its activity
(9), this result can be used to explain the significant increase in
tRNA? methylation that we observed in the GSNO-treated tro-
phozoites. We previously showed that the deletion of the catalytic
site in Ehmeth (motif IV) partially suppresses the formation of the
Ehmeth-enolase complex, and this finding suggests that other
components of Ehmeth are involved in its binding to enolase (9).
The results of this investigation shed new light on the formation of
this complex and emphasize the importance of the Cys228 and
Cys229 residues in Ehmeth in this process. In the future, it will be
interesting to challenge and confirm this information for the role
of the Glu253 residue of enolase in the formation of the Ehmeth-
enolase complex that was obtained in our molecular docking anal-
ysis.

In summary, the results of this investigation show that Eh-
meth-mediated tRNA*P methylation is crucial in the protection
of E. histolytica against nitrosative stress by maintaining active
protein synthesis. Another important finding of this study is that
NO influences the amount of Ehmeth-enolase complex and con-
sequently regulates Ehnmeth activity. The results of this analysis
open the door to many important questions about the regulation
of Dnmt activity and the role of NO in Dnmt-protein interactions
in other organisms. Finally, the results of this investigation indi-
cate that Ehmeth-mediated tRNA**" methylation is a potential
target for development of drugs to treat amoebiasis.
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