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Entamoeba histolytica is the enteric protozoan parasite that causes human
amoebiasis. We have previously shown that autophagy is involved in prolifera-
tion and differentiation in the related species Entamoeba invadens, which
infects reptiles and develops similar clinical manifestations. Because this
group of protists possesses only a limited set of genes known to participate
in autophagy in other eukaryotes, it potentially represents a useful model for
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studying the core system of autophagy and provides tools to elucidate the
evolution of eukaryotes and their organelles. Here we describe the methods ta
study autophagy in Entamoeba.

1. INTRODUCTION

1.1. Organisms

Entamoeba histolytica is the enteric protozoan parasite that causes human
amoebiasis (Petri ef al., 2002; Stanley et al., 2003). This anaerobic or micro-
acrophilic eukaryote has a simple life cycle consisting of two forms: the
motile, proliferative trophozoite (the active, feeding stage) (Fig. 24.1),
which is responsible for the pathology of amoebiasis, and the dormant,
infective cyst, which is essential for transmission. This organism lacks orga-
nelles commonly observed in other eukaryotes, such as the mitochondria, the
peroxisome, and the Golgi apparatus, and is considered one of the early
branching eukaryotes (Hasegawa et al., 1993; Loftus et al., 2005). Recent
discovery of the mitochondria-related genes (e.g., Cpn60) and the
mitochondrial-related remnant organelle, named the mitosome (Tovar et al.,
1999), led to the presumption that this organism secondarily lost the mito-
chondria (Clark, 2000). Thus, this organism potentially helps in the elucida-
tion of important questions on the evolution of eukaryotes and organelles.
The developmental transition of the trophozoite to the cyst stage, called
encystation, is the essential process for transmission and reinfection of the
organism. Therefore, its interruption is potentially exploitable to interfere
with dissemination of this organism. However, inability to induce encysta
tion in vitro hampers molecular understanding of the process in E. histolytica
(Eichinger et al., 2001) . Entamoeba invadens, a related Entamoeba species that

Figure 24.1 Differential interference contrast images of E. histolytica trophozoites.
(A) two trophozoites containing numerous vacuoles. (B) A trophozoite (right) ingesting
a Chinese hamster ovary cell (left).
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infects reptiles and causes similar clinical manifestations, is instead used as a
model of encystation because of the ease of inducing encystation using an
artificial low-osmolarity, glucose-deprived encystation medium (Sanchez
er al., 1994).

1.2. Disease and clinical manifestations

There have been an estimated 40-50 million cases of amoebic colitis and liver
abscess, which cause 40,000 to 110,000 deaths worldwide each year (Clark
et al., 2000; WHO, 1997). Infection of human and other mammalian hosts
occurs upon ingestion of water or food contaminated with cysts. E. histolytica
cysts are round, usually 10-15 um in diameter, and protected by a chitn-
containing wall, After ingestion, the cyst excysts in the small intestine to
release the polymorphic trophozoite, which varies in size from 10-50 ym in
diameter. Highly motile trophozoites colonize the large intestine. Epidemio-
logical studies suggested that only 3% of infected individuals develop symp-
toms such as amoebic colitis and dysentery (Haque et al., 2001; Stanley et al.,
2003), while the rest of the infected individuals remain asymptomatic and are
able to clear the infection without developing disease (Haghighi et al., 2003;
Haque er al., 2006; Sanley et al., 2001). However, asymptomatic carriers
represent a risk of contagion, and up to 10% of them develop disease within a
year after infection (Stanley er al, 2003). Children (Haque ef al., 2001;
Warunee ef al., 2007), immunocompromised individuals (Hung et al,
2008), men who have sex with men, and mentally handicapped persons
(Nozaki et al., 2006) are often more susceptible to infection. The trophozoite
is responsible for all clinical manifestations, including abdominal pain, ten-
derness, and bloody diarrhea. E. histolytica can also colonize organs other than
the intestine via hematogenous (i.e., originating in the blood) spread of
trophozoites from the colon in 5%—10% of the diartheal/dysenteric panents.
Liver abscess is the most common extraintestinal form of amoebic infection.
Patients who develop liver abscess present fever, right-upper-quadrant pain,
hepatic tenderness, cough, anorexia, and weight loss.

2. UNIQUE FEATURES OF AUTOPHAGY IN ENTAMOEBA

2.1. Genome-based identification of genes involved
in autophagy in Entamoeba

In Saccharomyces cerevisiae approximately 30 genes have been identified as
involved in autophagy (Klionsky et al., 2003; Suzuki and Ohsumi, 2007;
Xie and Klionsky, 2007), of which 17 genes encode proteins composing the
core machinery of autophagy (Suzuki and Ohsumi, 2007). Most of them are
also conserved in higher eukaryotes including mammals (Mizushima et al.,
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2002; Xie and Klionsky, 2007). Autophagy genes have been categorized
into four functional groups: regulation of autophagy induction,
vesicle nucleation, vesicle expansion and completion (consisting two
ubiquitin-like conjugation systems), and retrieval (Levine and Yuan,
2005). Among them, Entamoeba lacks genes involved in the regulation of
the autophagy induction except TOR (target of rapamycin), the entire
Atg12-Atg5 conjugation system, and the retrieval system, whereas genes
involved in the nucleation of the isolation membrane forming the phos-
phatidylinositide complex (Vps15, Vps34, and Atg6/Beclinl) and the Atg8
conjugation system (Atg7, Atg3, Atg8, and Atg4) are conserved (Picazarri
et al., 2008).

2.2. Uniqueness of autophagy in Entamoeba

In both E. histolytica and E. invadens, the Atg8-positive structures have been
identified by confocal microscopy as punctate particulate (or dotlike),
vesicular, vacuolar (1-5 um in diameter), linear, or aggregate-like structures
(Fig. 24.2). The size and shape of autophagosomes in this organism is rather
unique, and among the largest similar to ones containing intracellular
pathogens, Group A Streptococci and Mycobacterium tuberculosis (Andrade
et al.,, 2006; Gutierrez et al., 2004; Nakagawa et al., 2004).

Autophagy is induced under particular conditions such as starvation,
differentiation, defense, and antigen presentation in other organisms
(Andrade et al, 2006; Besteiro et al, 2006; Nakagawa et al., 2004,
Nimmerjahn et al., 2003). In Entamoeba, neither nutrient (e.g., glucose
and serum) deprivation nor stress (e.g., heat and oxidative stress) induces
the formation Atg8 structures in E. histolytica. Autophagosomes are consti-
tutively present in the proliferative trophozoite. In E. invadens, where
encystation can be induced in vitro, autophagosome formation is
up-regulated at the mid-to-late logarithmic growth phase and at the early
phase of encystation. In E. invadens, phosphatidylinositol 3-kinase inhibitors
simultaneously inhibit the formation of the Atg8-postive structures and
encystation in a dose-dependent manner. This observation suggests a close
correlation between autophagy and encystation via phosphatidylinositol
3-kinase-mediated signaling. These data are consistent with the premise
that autophagy plays a housekeeping role in Entamoeba, as seen in neurons
where autophagy was suggested to be involved in the constant turnover of
undesirable polyubiquitinated proteins (Komatsu et al., 2006). This chapter
describes some essential protocols to understand the function of autophagy
in Entamoeba: immunoblot and immunofluorescence assays, as well as the
creation and analysis of E. histolytica transformants expressing an epitope-
tagged protein of interest.
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Figure 24.2 [Immunofluorescenceimages ofautophagy in E. invadensand E histolyticaona
confocal microscope. (A, B) Autophagosomes in the proliferating E. invadens trophozoites
at1 (logarithmic phase, A) and 2 weeks after the initiation of the culture (stationary phase,
B). (C-F) Autophagosomes in the encysting E. invadens trophozoites at 0 (C, E) and 24 h
postencystation induction (D, F). Single slices (C, E) and maximum projections of 20 slices
takenat 1-pm intervals onthe z-axis (E, F) are shown. (G, H) Autophagosomesinthe prolif-
crating E histolytica trophozoites at days 1 (logarithmic phase, G) and 5 (stationary
phase, H) (maximum projection). (I) Colocalization of Atg8 (green) and the lysosome
marker, LysoTracker Red (red) inan E histolyticatrophozoite (day 3).

3. ANALYSIS OF AUTOPHAGY IN ENTAMOEBA

3.1. Production of recombinant E. histolytica Atg8

and its antibody
Oligonueleotide primers and conditions of PCR amplification of EhAtg8a
¢DNA have been described elsewhere (Picazarni e al., 2008) Cloning of the
EhAtgS8a ¢cDNA into the pGEX-6P-2 (GE Healthcare Bioscience,
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27-4598-01) expression vector to make pGST-EhAtg8a as well as antibody
production have also previously been described in detil (Picazarr
et al., 2008).

3.1.1. Production of recombinant EhAtg8

L

2

Transform E. coli BL21(DE3) competent cells with pGST-EhAtg8
plasmid.

Select transformants on ampicillin plates. Grow a transformant overnight
in 20 ml of LB containing 50 ug/ml ampicillin and use to inoculate
200 ml of the same medium. Shake at 37 °C until the O.D.4y reaches
0.5.

Add 1 mM IPTG to the culture to induce expression of GST-EhAtg8
recombinant protein and continue shaking for 3 h at 37 °C.

Harvest bacteria at 6000xg for 10 min, wash the pellet twice with
phosphate-buffered saline (PBS), pH 7.4, and resuspend in 5-20 ml of
the lysis buffer (50 mM NaH,PO,, pH 8.0, 300 mM NaCl, | mMDTT,
and complete mini protease inhibitor cocktail).

Sonicate the suspension using a VP-158 Ultra$ Homogenizer (TAITEC)
or equivalent in an ice-water bucket. Occasionally examine the lysate
under a light microscope with a 40x phase contrast objective to confirm
the disruption of bacteria.

. Centrifuge at 12,000xg for 20 min at 4 °C to remove debris.

3.1.2. Purification of recombinant EhAtg8 using

1

glutathione-sepharose affinity chromatography

Incubate 1 volume (5 ml) of the clarified lysate with two-thirds volume
of glutatione-sepharose (GE Healthcare Bioscience, 17-5279-01) slurry
(50%) for 0.5 h on a rocking platform at 4 °C. Transfer the resin to a
column, and wash the resin three times with 10 ml of PBS.

Elute GST-EhAtg8 recombinant protein with 5 ml of elution buffer
(PBS containing 10 mM reduced glutathione) twice at room
temperature,

. Filter the eluted fractions with a 0.45-um syringe filter and dialyze it

against protease cleavage buffer (50 mM Tris-HCI, pH 7.0, 150 mM
NaCl, 1 mM EDTA, 1 mM DTT) using Slide-A-Lyzer (PIERCE,
#66110; molecular weight cut off, 3500) overnight at 4 °C.

. Toremove the GST tag from the recombinant protein, mix 10 ml of the

purified protein with 80 ug of PreScission protease (GE Healthcare
Bioscience) and incubate at 4 °C for 4 h.

Add 2ml of glutathione-Sepharose (50% slurry) to the mixture and
rotate it at room temperature for 30 min. Briefly centrifuge the mixture
and filter the supernatant with a 0.45-um syringe filter.
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6. Dialyze the filtrate against 2L of PBS for 2h and then 3L of PBS
overnight at 4 °C. Finally, remove remaining GST tag and PreScission
protease by passing the dialyzed solution through GSTrap (GE Health-
care Bioscience).

3.1.3. Purification of recombinant EhAtg8 using Mono Q anion
exchange chromatography

1. Dilute the eluate from GSTrap by 5-fold with the starting buffer (50 mM
2, 2'-iminodiethanol, pH 8.4).

2. Preequilibrate a Mono Q HR 5/5 anion-exchange column (GE Health-
care Bioscience) with the starting buffer on an AKTA Explorer.

3. Apply the affinity-purified recombinant EhAtg8 protein onto the col-
umn with the starting buffer, and wash the column with 5 volumes of the
starting buffer to remove unbound proteins.

4. Elute the proteins with a linear gradient of NaCl (0-1 Min 20 ml) with a
flow rate of 1.0 ml/min. The recombinant EhAtg8 protein elutes at circa
150 mM NaCl

5. Dialyze the eluted EhAtg8 protein against PBS at 4 °C for 4-5 h.

3.2. Quantitative analysis of kinetics and modification
of EhAtg8 by immunoblot analysis

3.2.1. Preparation of amoeba lysates and separation of membrane
and soluble fractions by centrifugation

1. Chill a 36-ml semiconfluent amoeba culture (~3x 10° cells) cultivated in
a 25-cm?-plastic flask (Nunc Brand Products, Denmark) on ice for
5 min. Cultivate E. histolytica and E. invadens trophozoites in BI-S-33
medium [3.4% BLL Biosate Peptone (Becton, Dickinson, France;
211862), 63mM D-glucose, 38.9mM NaCl, 5mM KHyPO,,
6.52mM K,HPO,, 9.37 mM L-cysteine hydrochloride, 1.3 mM
L-ascorbic acid, 0.1 mM Ferric ammonium citrate] (Diamond et al.,
1978) at 35.5°C and 26 °C, respectively, as described subsequently
(see section 3.4.1). To obtain E. invadens cysts, transfer the 1-week-old
trophozoite culture to 47% LG medium [1.5% BLL Biosate Peptone,
17 mM NaCl, 2.195mM KH,PO,, 2.86 mM K,HPO,, 3.159 mM
L-cysteine hydrochloride, 0.565 mM L-ascorbic acid, 0.0428 mM Ferric
ammonium citrate] (Sanchez et al., 1994) at ~6x103 cells/ml.

2. To monitor encystation, examine resistance to 0.05% Sarkosyl (Sanchez
et al., 1994) as follows. Centrifuge 1.2x10° cells av 200xg for 5 min,
discard supernatant, and add 200 ul of PBS containing 0.05% Sarkosyl.
After incubation for 25 min, add 200 gl of PBS containing 0.44%
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4,

10.

11.

12,

Trypan blue. After 5 min, count unstained live cysts and stained dead
trophozoites to calculate the percentage of cysts.

. Harvest cells by centrifugation at 400xg for 5 min at 4 °C.

Resuspend the pellet with 10 ml of PBS containing 2% glucose, cen-
trifuge at 400xg for 5 min, and carefully discard the supernatant by
decanting.

Resuspend the pellet in 1 ml of homogenization buffer (50 mAM Tris,
pH 7.5, 250 mM sucrose, 50 mM NaCl, 200 uM trans-epoxysuccinyl-
L-leucylamido-[4-guanidino butane] (E64)).

Transfer the suspension to a Dounce glass homogenizer and mechani-
cally homogenize cells with 50-300 strokes depending on homogeni-
zers and cell types. Occasionally examine the lysate under a light
microscope with a 10-40x phase contrast objective to verify complete-
ness of homogenization.

. Transfer the lysate t0 a 1.5-ml tube, centrifuge at 700xg for 2 min,

recover the supernatant, and discard unbroken cells in the pellet.
Centrifuge the supernatant at 100,000xg in an ultracentrifuge tube at
4°Cfor 1 h.

- Recover the supernatant and the pellet fractions separately. Carefully

resuspend the pellet by pipetting with 1 ml of PBS and centrifuge to
wash the pellet to minimize carryover from the supernatant.
Resuspend the pellet in the original volume (step 4) of the lysis buffer
(50 mM Tris, pH 7.5, 1% Triton X-100, 1.34 mM E64).
Electrophorese 5 ug of each sample by SDS-PAGE on a 13.5% poly-
acrylamide gel containing 6M urea.

Carry out immunoblot analysis using anti-EhAtg8a antibody (Picazarn
et al., 2008) (1:1000 dilution in Tris-buffered saline containing 0.05%
Tween 20). Develop the membrane using chemiluminescence with the
Immobilon Western Substrate (Millipore Corporation) according to
the manufacturer's instructions.

3.2.2. Delipidation of EhAtg8 by phospholipase D and

1

quantitation of unmodified and
phosphatidylethanolamine-modified EhAtg8

Harvest amoeba cells from a 6-ml culture (~6x 10° cells) as described
above and resuspend and lyse the cell pellet in 50 ul of lysis buffer
(50 mM Tris, pH 7.5, 1% Triton X-100, 1.34 mM E64) on ice. Deter-
mine the protein concentration of the lysate, after centrifugation to
remove unbroken cells.

2. Mix 10 ug of the crude lysate with 2 ul of 20U/l phospholipase D

(Sigma-Aldrich, P8023) dissolved in 50 mM Tris, pH 7.5. Incubate the
mixture at 37 °C for 1 h.
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3

4

Perform SDS-PAGE on a 13.5% polyacrylamide gel containing 6 M
urea and transfer proteins to a nitrocellulose membrane. Conduct
immunoblot analysis as described previously in section 3.2.1, step 12.
Visualize unmodified and phosphatidylethanolamine-modified Atg8 on
2 Lumi-Imager F1 workstation (Rooche Applied Science) and capture
the images with Lumianalyst Software. Quantify the bands with Image].
Unmodified Atg8 is present as a single band in E. invadens and doublets
in E. histolytica around 15.0 kDa, while phosphatidylethanolamine-
modified Atg8 is observed as a 14.5-kDa band in E. invadens and two
bottom bands in E. histolytica.

3.3. Visualization of autophagy by indirect

immunofluorescence assay

3.3.1. Sample preparation

1.

2

Harvest and wash amoebae from a 6-ml semiconfluent culture (~6x 10°
cells) at 4 °C as described previously.

Resuspend the pellet with 50 ul of PBS containing 3.7% paraformalde-
hyde. Incubate the mixture for 10 min at room temperature.
Centrifuge the mixture at 800xg for 3 min at room temperature,
remove the supernatant fraction, and carefully resuspend the pellet by
pipetting with 1 ml of PBS .

. Centrifuge again, discard the supernatant, resuspend the pellet in 50 ul

of PBS containing 0.2% saponin (PBSS), and incubate for 10 min at
room temperature.

Wash the amoebae with PBS as described previously.

After discarding the supernatant, add to the pellet 100 ul of PBS con-
taining anti-EhAtg8a antiserum (1:1000 dilution), resuspend, and incu-
bate at room temperature for 1 h.

Wash the amoebae once with PBS as described previously.

. Add 100 ul of anti-rabbit IgG conjugated with Alexa Flour 488 (1:1000

dilution) to the washed amoebae and incubate 1 h at room temperature.
Wash the amoebae once with PBS as described previously.

Resuspend the amoebae in ~10 yl of the mounting medium (PBS, pH
8.0, contining 5.5 mM O-phenylenediamine dihydrochloride and
90% glycerol).

3.3.2. Confocal microscopy

Perforin confocal microscopy on a Zeiss LSM 510 microscope or equiva-
lent. Typically, we use a Plan-Apochromat 63x/1.4 Oil objective with an
argon laser (488 nm) with appropriate configurations for Alexa Flour 488. It
is important to optimize detector gain and amplifier offset with preimmune
serum to eliminate background. Typically, images of 5-30 slices on the z-
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axis at 1-3 ym intervals should be captured. Obtained images can be also
analyzed after creating a 3-D projection.

3.4. Construction of E. histolytica transformants expressing
an HA-tagged or Myc-fused protein of interest

Construct a plasmid of interest using epitope (hemagglutinin or myc) tag-
containing vector [e.g, pKT-3M (Saito-Nakano et al., 2004) and
pEhExHA (Nakada-Tsukui et al., unpublished)], or a GFP- or RFP-fusion
vector [e.g., pPKT-MR. (Nakada-Tsukui et al., unpublished)], according to
general recombinant DNA techniques.

3.4.1. Cell preparation

L. Inoculate an appropriate number of trophozoites of E. histolytica HM1:
IMSS cl6 strain (Diamond ef al., 1972), harvested in the mid-late loga-
rithmic growth, phase into fresh BI-S-33 medium in 25-cm®ml plastic
flasks and cultivate for 24-30 h until the culture reaches semiconfluence
(1.5-2 x 10 cells per flask).

2. After decanting the culture medium, add 5 ml of the cold fresh medium to
each flask and resuspend cells by chilling the flask on ice for 5 min. Mix
suspensions and adjust the cell density to 7-9 x 10* amoebae per ml.

3. Transfer 5 ml of the suspension to a well of 2 12-well flat bottom plate
(Corning).

4. Seal the plate in a plastic bag containing Anacrocult A (Merck, 64271
Darmstadt, Germany). Incubate the plate at 35.5 °C for at least 30 min.

3.4.2. Lipofection

1. Right before transfection, prepare the transfection medium [TM, Opti-
MEM [ (Invitrogen, 31985-070), containing 56.7 mM L-ascorbic acid
and 317 mM L-cysteine, pH 6.8, filter-sterilized].

2. Prepare DNA-liposome mixture as follows. Mix ~3-5 ug of DNA,
sterilized with ethanol precipitation and dissolved in 30 ul of double-
distilled sterile water, with 10 ul of Plus Reagent (Invitrogen, 11514015)
and 10 ul of TM (mixture #1). Incubate the mixture #1 at room
temperature for 15 min. Plasmids prepared using any spin column-
based kits commercially available usually give comparable results.

3. Mix 20 ul Lipofectamine (Invitrogen, 183224-012) reagent (40 ng of
Lipofectamine) with 30 ul of TM (mixture #2).

4. Add mixture #2 to mixture #1 (mixture #3) and incubate the mixture at
room temperature for 15 min.

5. Add 400 ul of TM to the mixture #3.

6. Carefully remove BI-S-33 medium from the wells of the 12-well plate
described in section 3.4.1.
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7. Add 500 jl of the DNA-Lipofectamine mixture #3 to the well. Then,
incubate the plate under anaerobic conditions as described above at
35.5°C for 5h.

8. Place the plate on ice to detach transfected cells for 5 min, and then
transfer the whole suspension to a 6-ml glass tube containing 5.5 ml of
fresh BI-S-33 medium.

9. Incubate the tube overnight at 35.5 °C.

3.4.3. Drug selection

1. Remove the medium from the tube by aspiration and add 6 ml of a fresh
prewarmed medium containing 1 ug/ml G418.

2. Incubate the tube at 35.5 °C for another 24 h.

3. Every 24 h replace the medium containing 1 pg/mi of G418 for 5-10
days. After 3-10 days G418-sensitive cells start to die and the cell number
dramatically decreases. Keep replacing the medium containing 1 pg/ ml
G418 every day until G418-resistant cells become visible. It usually takes
an additional 2-5 days. Once G418-resistant cells start to rapidly grow,
increase G418 concentrations in a step-wise fashion with an increment
of 1 pg/ml per day or per passage until it reaches 10 ug/ml G418.
Adjustment of G418 concentration may be necessary depending on the
plasmids used. Dead cells may not be apparent after 24 h but usually become
visible after 48-72 h (dead cells often accumulate at the bottom of the tube).

4. After growth of the transfectants is established (typically at 1-2 weeks
postlipofections), confirm the expression of the gene of interest by
immunoblot and immunofluorescence assays. If the expression level is
not sufficient, G418 concentrations may be further gradually increased to
20-50 pg/ml.

;4. CONCLUSION

Repression (knockdown) of gene expression by siRNA or gene
silencing has gradually become available in E. histolytica (Boetmer et al.,
2008; Bracha et al.. 2006; Solis and Guillen, 2008), Gene silencing of Azg8
and other genes involved in autophagy has recently been accomplished in
E. histolytica (unpublished). Such reverse genetic tools should help in
unequivocal assignment of a role of individual gene products. Because
Entamoeba is a primitive eukaryote, which apparently possesses only a
limited, if not minimal, set of autophagy genes identified in both mammals
and yeasts, an understanding of the molecular mechanisms of autophagy in
this group of organisms should contribute to the elucidation of the origin
and evolution of this important cellular mechanism for protein degradation.
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ARTICLE INFO ABSTRACT

Article history: Serine acetyltransferase (SAT; EC 2.3.1.30) catalyzes the CoA-dependent acetylation of the side chain

Received 24 April 2008 hydmxy[mupol’r.—seﬁmtufomﬂ-acrrylseﬂne.inﬂuﬁmmpofmeh ine biosynthetic pathway.

Received in revised form 28 August 2008 Since this pathway s selectively present in a few parasitic protists and absent in mammals, it represents

x:m:lwﬂmﬂm a ble target to develop new chemotherapeutics. £ ba histolytica app Iy three
Septemibe SAT isotypes (EhSAT1-3) showing 48-73% mutual identity, a calculated molecular mass of 34.4-37.7 kDa,

B - and an isoelectric point of 5.70-6.63. To better understand the role of individual SAT isotypes, we deter-

"'MM ¢ " mined kinetic and inhibitory parameters of recombinant SAT isotypes. While the three SAT isotypes

s:ul\",[wﬂ assimilation showed comparable Ky, and k. for L-serine and acetyl-CoA, they showed remarkable differences in their

Sulfur-containing amino acids sensitivity to inhibition by L-cysteine. The K, values for L-cysteine varied by 100-fold (4.7-460 uM) among

Feedback inhibition SAT isotypes (ERSAT1 < ENSAT2 < EhSAT3). Consequently, these ERSAT isotypes revealed remarkable dif-

E histolytica ferences in activity in the presence of physiological L-serine and L-cysteine i We prop

Amoebiasis that multiple SAT isotypes with different properties may play complementary roles in the regulation of

the cysteine biosynthetic pathway in E. histolytica under different conditions, e.g. during colonization of
the intestine and tissue invasion.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction pathway consists of several enzymatic reactions [1-4], In the first
committed reaction of the two last steps, serine acetyltransferase

The L-cysteine biosynthetic pathway plays a key role in the sulfur (SAT, EC 2.3.1.30) catalyzes the CoA-dependent acetylation of the
assimilatory cycle in nature. Inorganic sulfur is incorporated from side chain hydroxyl group of L-serine to form O-acetylserine (DAS)
the extracellular milieu or the soil by microorganisms or plants, [5]. Cysteine synthase [CS: OAS (thiol) lyase: EC 4.2.99.8] subse-
respectively, reduced, and fixed into L-cysteine, the first reduced quently catalyzes B-replacement of the acetyl moiety on OAS with
sulfur-containing organic compound [1]. L-Cysteine is used as a sulfide to form L-cysteine. In plants, these two enzymes form a
sulfur donor for synthesis of methionine and sulfur-containing sec- heteromeric complex ("cysteine synthase complex”), and play a
ondary metabolites, or, alternatively, incorporated into proteins, key role in cross-talk, via the generation of OAS, between sulfur
glutathione, and iron-sulfur clusters, The cysteine biosynthetic assimilation and carbon and nitrogen metabolism [6]. 1-Cysteine
potentially inhibits its own synthesis by negative feedback of SAT.

In plants, the nature of SATs varies in cellular compartmentalization

— s P e [ and sensitivity to L-cysteine inhibition [7,8]. For instance, cytoso-
Abbreviations:  SAT, serine O-ac 7 ELSAT, WsOb% lic SAT from Citrullus vulgaris (watermelon) [7). and Arabidopsis

s et (4 D Ten w88 ihaleng, (SAY-<) (89 are Bighly setifive 6 heim
reactian. by t-cysteine at the physiological concentrations (3 KM). In con-
® Note: The nuclectide seqs dataof E. A 0 SAT1, SATZ and SAT3 reported trast, the plastid SAT(SAT-p) [10,11], and mitochondrial SAT(SAT-m)
in this paper has been submitted to the DDBJ data bank with accession numbers, [12-14] isoforms from A. thaliana are insensitive to t-cysteine inhi-
ABO23954, AB232374, and AB232375, respectively, bition [8].
m;«muﬁ: :;‘;TT::«m::;u_Tm 13'.'3:;40_ Japan. o Other than bacteria and plants, where cysteine biosynthe-
Tel- +81 3 5285 1111x2600; fax: +81 27 5285 1173, sis has been well conserved, only a Ijmi_ted lineages of parasitic
E-mail address: nozaki®@nih go jp (T. Nozaki). protists such as Entamoeba histolytica, Trichomonas vaginalis, and

0166-6851/5 - see front matter © 2008 Elsevier B.V. All rights reserved
d0i:101016/j.molbiopara.2008.09.006
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Trypanosoma cruzi possess the cysteine biosynthetic pathway. E.
histolytica is the enteric protozoan parasite that causes amoebic col-
itis and extra intestinal abscesses( hepatic, pulmonary and cerebral)
in inhabitants of endemic areas and is estimated to cause severe
disease in 48 million people, killing about 70,000 each year [15}.
While E. histolytica synthesizes L-cysteine via sulfur assimilatory
pathway like plants and bacteria, it lacks, based on the genome
information, bath forward and reverse trans-sulfuration pathways
[16.17], which makes this organism, together with T. vaginalis, very
unique. In this organism, L-cysteine is essential for the synthesis of
various proteins and the Fe-S cluster of Fe-S proteins such as ferre-
doxin and pyruvate:ferredoxin oxidoreductase. 1-Cysteine has also
been shown to be necessary for growth, survival, attachment, and
anti-oxidation in this parasite [17,18].

The recent disclosure of the whole genome [19] revealed that E.
histolytica possesses three isoenzymes each of CS and SAT [18.20].
We previously demonstrated the biochemical features of two CS
isoforms (ERCS1and EhCS2) [16,21], and one SAT isoform, EhSAT1
hereinafter, [17]. In the present study, we biochemically character-
ized the two remaining SAT isotypes (EhSAT2 and EhSAT3), and
compared kinetic parameters as well as their feedback-regulatory
mechanisms.

2. Materials and methods
2.1. Chemicals

Acetyl-CoA, L-serine, Na;$, glucose, ninhydrin reagent, trans-
epoxysuccinyl-L-leucylamido-{4-guanidino) butane (E-64) were
purchased from Sigma-Aldrich (Tokyo, Japan). All other chemi-
cals of analytical grade were purchased from Wako (Tokyo, Japan)
unless otherwise stated.

2.2, Microorganisms and cultivation

Trophozoites of the E. histolytica clonal strain HM1: IMSS cl
& were maintained axenically in Diamond's Bl-5-33 medium at
35.5°C as described previously [22,23). Trophozoites were har-
vested in the late-logarithmic growth phase for 2-3 days after
inoculation of one-thirtieth to one-twelfth of the total culture
volume. After the cultures were chilled on ice for 5min, tropho-
z0ites were collected by centrifugation at 500 x g for 10min at
4°C and washed twice with ice-cold PBS, pH 74. Escherichia coli
BL21 (DE3) plysS strain was purchased from Invitrogen (Tokyo,
Japan).

2.3. Construction of plasmids

standard techniques were used for cloning and plasmid con-
struction as previously described [24]. Genes encoding E. histolytica
SAT1, SAT2, and SAT3 (EhSAT1-3) were cloned to produce a fusion
protein containing a histidine-tag (provided by the vector) at the
amino terminus. The ¢cDNA corresponding to an open reading
frame of ERSAT1-3 of 305, 311, and 336 amino acid residues witha
calculated molecular mass of 34.4, 34.8, and 37.7 kDa, respectively,
were amplified by PCR using the E. histolytica cDNA library [16] as
a remplate and oligonucleotide primers. The sense and antisense
oligonucleotide primers used for EhSAT1, EhSAT2 and EhSAT3
were: 5 -CCTGGATCCGATGGACAATTACATTTATTCAATTGCACAT-3
and 5 .CCAGGATCCTTAAATCGATGGTGAATTTGCTAAAGGAGAT-3
(EhSAT1); 5'-CCTGGATCCGATGGATTTACTTGTTTCAAAAATTTCAAAA-
3 and 5'-CCAGGATCCCTAATTTAAAGGAGAGTTTATTGGACTTATT-3'
(ERSAT2): 5'-CCTGGATCCGATGAGTTCTTTACTACAACAAACATCTCAG-
3 and 5'-CCAGGATCCTTATTGTTGACAAGATACAAAACAATCTAA-3'

S Hussain et ol / Molecular & Biochemical Parasitology 163 (2009] 39-47

(EhSAT3), respectively, where bold letters indicate BamHI restric-
tion sites, PCR was performed with platinum pfx DNA polymerase
(Invitrogen) and the following parameters: an initial incubation at
94C for 2 min; followed by the 30 cycles of denaturation at 94°C
for 15s. annealing at 50, 45, or 55°C for EhSAT1-3, respectively.
for 30s, and elongation at 68°C for 1 min, and a final extension at
68°C for 10min. The PCR fragment was digested with BamHI and
electrophoresed, purified with Gene clean kit 11 (BIO 101, Vista, CA,
USA), and ligated into BamHi-digested pET-15b (Novagen. Darm-
stadt, Germany) in the same orientation as the T7 promoter to
produce pET-EhSAT1, pET-EhSAT2 and pET-EhSAT3. The nucleotide
sequences of the cloned EhSAT1, EnSAT2, and EhSAT3 were verified
by sequencing to be identical to the putative protein coding
region of 200.m00078, 253.m00083, and 13.m00319, respecti-
vely,

2.4. Bacterial expression and purification of recombinant E.
histolytica SAT isotypes

The above mentioned plasmids were introduced into E. colf BL21
(DE3) plysS cells by heat shock at 42°C for 1 min. E coli BL21 (DE3)
harboring pET-EhSAT1, pET-EhSAT2 or pET-ENSAT3 were grown at
379C in 100ml of Luria Bertani (LB) medium in the presence of
100 pg/ml ampicillin. The overnight culture was used to inoculate
500 ml of fresh medium, and the culture was further continued at
37°C with shaking at 180 rpm. When Aggo reached 0.6, 0.4 mM of
isopropyl B-p-thio galactopyranoside (IPTG) was added, and cul-
tivation was continued for another 4 h at 30°C. E coli cells from
the induced culture were harvested by centrifugation at 4050 x g
for 20min at 4°C. The cell pellet was washed with PBS, pH 7.4.
re-suspended in 15 ml of the lysis buffer (50 mM Tris-HCl, pH 8.0,
300mM NaCl, and 10mM imidazole) containing 0.1% Triton X-
100 (v/v), 100 pg/ml lysozyme and 1 mM phenylmethyl sulfonyl
fluoride (PMSF) incubated at room temperature for 30 min, son-
jcated on ice and centrifuged at 25,000 g for 15min at 4°C.
The supernatant was mixed with 2ml of 50% Ni?*-NTA His-bind
slurry, incubated for 2h at 4°C with mild shaking. The recombi-
nant EhSAT (rEhSAT)-bound resin in a column was washed three
times each with buffer A [50mM Tris-HCl, pH 8.0, 300 mM NaCl,
and 0.1% Triton X-100, v/v] containing 10-50mM of imidazole.
Bound proteins were eluted with buffer A containing 100-300 mM
imidazole.

After the integrity and the purity of rERSAT proteins were
confirmed with 12% SDS-PAGE analysis, followed by Coomassie
Brilliant Blue staining, they were extensively dialyzed twice against
the 300-fold volume of 50mM Tris~-HCl, 150mM NaCl, pH 8.0
containing 10% glycerol (v/v) and the Complete Mini protease
inhibitor cocktail (Roche, Mannhelm, Germany) for 18 h at 4°C,
The dialyzed proteins were stored at -80°C with 20% glyc-
erol in small aliquots until further use. The purified proteins
remained fully active after >3 months under these conditions. Pro-
tein concentrations were spectrophotometrically determined by
Bradford method using BSA as a standard as previously described
125].

2.5, Kinetic studies of recombinant SAT isotypes

The SAT activity was determined by two methods, by either
monitoring the decrease in Az3; due to the cleavage of the thicester
bond of acetyl-CoA [26] or the coupling reaction with CS [27], fol-
lowed by the colorimetric ninhydrin assay. For the thioester-bond
cleavage assay, the standard mixture contained 50 mM Tris-HCl
(pH 8.0), 0.1 mM acetyl-CoA. 1 mM L-serine and 2.5 ug of TERSAT.
The reaction was initiated by the addition of t-serine and carried
out at 25°C for 3-5 min. The decrease in absorbance at 232 nm was
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monitored on a spectrophotometer (Shimadzu, UV 2550) equipped
with an automatic cell changer. The Ky and Vs values were
estimated with Hanes-Woolf and Line weaver—Burk plots. Kinetic
studies were performed using 5-7 concentrations of both acetyl Co-
A and t-serine. All steady-state kinetic parameters are the means of
three to five independent experiments where two or three differ-
ent preparations of recombinant SATs were used for measurements
performed on at least three non-consecutive days. The coupling
reaction was used only when SAT activity of the recombinant
enzymes was initially demonstrated. The standard assay mixture
contained 50mM Tris-HCl (pH 8.0), 0.4mM acetyl-CoA, 4mM t-
serine, 5mM Na;S, 10mM DTT, 0.5 ug of recombinant EhCS3 and
2.5 p.g of rERSAT, in a final volume of 100 ul. The reaction was per-
formed at 37°C for 15-30min, and the amount of L-cysteine was
determined as described [28].

2.6. Amino acid comparison and phylogenetic analysis

Amino acid sequences of SAT from 48 other organisms
that showed significant similarity to EhSATs were obtained
from the DDBJ/EBI/GenBank database by using blastp search.
Sequence alignments of these proteins were generated using
CLUSTAL W program [29]. The alignment obtained by CLUSTAL
W was inspected and manually corrected using Genedoc pro-
gram (www.psc.edu/biomed/genedoc). All gaps were removed and
unambiguously aligned 245 conserved sites were selected and used
for phylogenetic analyses. The neighbor-joining (N]) and maximum
parsimony (MP) methods were performed using MEGA4 program
[30]. A final phylogenetic tree of 35 sequences was drawn by using
MEGAA4. The branch lengths in these trees were obtained from the
neighbor-joining analysis with bootstrap values in 100 replicates.
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Fig. 1. Complete protein sequences of E histolytica and other organisms were aligned using the CLUSTAL W program (http://clustalw.ddbj.nig.ac.jp/top-e.html). Accession
numbers of these sequences are: Escherichia coli (NP415427), Citrullus vulgaris (D85624), Arabidopsis thaliana SAT-p (Q42538), E. histolytica EhSATT-3 (ABO23954, AB232174
and AB232375). Dashes indicate gaps. Highly conserved residues that were shown to participate in the binding to substrates (acetyl-CoA and t-serine) and t-cysteine based
an erystal structures of E. colf SAT [31,32] are highlighted in black. Other amino acids canserved among these organisms are highlighred in grey. An insertion unique to the

amoebic SATs is baxed.
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3. Results
3.1. Identification of genes and their encoded proteins of three
SAT isotypes from E. histolytica

We identified genes encoding three SAT isotypes by homol-
ogy search against the E histolytica genome database [19] using
SAT protein sequences from bacteria, yeast, and plants. We
designated them as EhSATI, EhSATZ, and ERSAT3 genes [corre-
sponding to 200.m00078 (AB023954, XM.645673 and XP_650765)
[17]. 253.m00083 (AB232374. XM.644909 and XP.650001), and
13.m00319 (AB232375. XM.651281 and XP_656373), respectively].
ERSAT1, ERSAT2, or EhSAT3 gene contains a 918, 936, or 1011-
bp open reading frame which encodes the protein of 305, 311,
or 336 amino acid residues with a predicted molecular mass
of 34.4, 348, or 37.7kDa and pl of 6.63, 5.99, or 5.70, respec-
tively.
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3.2, Features of the deduced amino acid sequences of E
histolytica SATs

The amino acid sequence of EhSATs showed 21-42% identities
to SAT from archaea, bacteria, and plants. SAT from the square
archaeon Haloguadratum walsbyi showed the highest (39-42%)
amino acid identities to EhSATs. The identity to SAT from other
organisms was significantly lower than H. walsbyi SAT. For instance,
EhSAT3 showed only 27, 24, or 19% identity to E. coli SAT, water-
melon SAT-c, or A. thaliana SAT-p, respectively. The identity
between EhSAT1 and EhSATZ, between EhSAT1 and EhSAT3, or
between ERSAT2 and EhSAT3 was 73%, 48%, or 48%, respectively.
All EhSATs were devoid of the amino-terminal transit peptide found
in plastid or mitochondria-located SAT from plants [26,27], which
suggests that amoebic SAT genes encode cytosolic proteins. Mul-
tiple alignment of 48 SAT sequences was produced by Clustal W,
and comparison of only representative SAT sequences from E. coli,
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