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Abstract

We examined the effects of six cysteine protease inhibitors on the excystation and metacystic development of Entamoeba inva-
dens. Excystation, which was assessed by counting the number of metacystic amoebae after the induction of excystation, was
inhibited by the cysteine protease inhibitors Z-Phe-Ala-DMK and E-64d in a concentration-dependent manner during incubation
compared to the controls. Neither inhibitor had a significant effect on cyst viability; thus, their inhibitory effects were not due to the
toxic eflect on cysts. Metacystic development, when determined by the number of nuclei in amoeba, was also inhibited by these
protease inhibitors, because the percentage of 4-nucleate amoebae was higher than in the controls on Day 3 of incubation.
Although other cysteine protease inhibitors, Z-Phe-Phe-DMK, E-64, ALLM, and cathepsin inhibitor II1, had a weak or little effect
on the excystation, they inhibited cysteine protease activity in the lysates of E. invadens cysts. Broad bands with gelatinase activity
of metacystic amoebae, as well as cysts and trophozoites, were detected in the gelatin substrate gel electrophores and were inhibited
by Z-Phe-Ala-DMK. There was a difference in the protease composition between cysts and trophozoites, and the protease
composition of metacystic amoebae changed from cyst-type to trophozoite-type during development. These results strongly sug-
gest that cysteine proteases contribute to the excystation and metacystic development of E. invadens, which leads to successful
infection.
© 2004 Elsevier Inc. All rights reserved.

Index Descriptors and Abbreviations: Entamoeba invadens, Protozoa; Cysteine protease; Excystation; Metacystic development; DMSO, dimethy!
sulfoxide; DTT, dithiothreitol; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis

1. Introduction

Cysteine proteases are not only important virulence
factors, but also play a role in the growth and differentia-
tion in many protozoan parasites (McKerrow, 1989;
Rosenthal, 1999; Sajid and McKerrow, 2002). This is
also true of Entamoeba histolytica, because there is accu-
mulating evidence for the potential role of cysteine pro-
teases in the pathogenesis of invasive amebiasis as well
as in the growth of the parasites (reviewed by Que and

' Corresponding author. Fax: +3 3431 4459,
E-mail address: makioka(@jikei.acjp (A. Makioka).

0014-4894/% - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.exppara.2004.10.003

Reed, 2000). In Entamoeba invadens, which has been
used as a model of encystation and excystation of E. his-
tolytica, specific cysteine protease inhibitors significantly
reduced the efficiency of encystation, although the effect
of inhibition was secondary through decreased tropho-
zoite multiplication (Sharma et al., 1996). However, no
studies on the role of cysteine proteases in the excysta-
tion and metacystic development of Entamoeba have so
far been reported.

Excystation and metacystic development are neces-
sary for Entamoeba infection, and their processes have
been described for E. histolytica (Cleveland and Sanders,
1930; Dobell, 1928). Since E. histolytica does not encyst
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efficiently in axenic culture, E. invadens, a reptilian para-
site, has been commonly accepted as a model for the
study of encystation and excystation (Eichinger, 1997
Lopez-Romero and Villagéomez-Castro, 1993). Excysta-
tion is the process through which the whole organism
escapes from the cyst through a minute perforation in
the cyst wall. Metacystic development is the process in
which a hatched metacystic amoeba with four nuclei
divides to produce eight amoebulae, which grow to
become trophozoites (Cleveland and Sanders. 1930,
Dobell, 1928; Geiman and Ratcliffe, 1936). The transfer
of E. invadens cysts in an encystation medium to a
growth medium induces in vitro excystation (Garcia-
Zapien et al,, 1995; Makioka et al., 2002; McConnachie,
1955; Rengpien and Bailey, 1975). In this study, we
examined the effect of cysteine protease inhibitors on the
excystation and metacystic development of E. invadens.
Here, we report that cysteine proteases contribute to
these processes of E. invadens.

2. Materials and methods

Trophozoites of the IP-1 strain of E. invadens were
cultured in an axenic growth medium, BI-S-33 (Dia-
mond et al., 1978), at 26 °C. To obtain cysts, trophozoites
(5 x 10%cells/ml) were transferred to an encystation
medium called 47% LG (LG is Bl without glucose; San-
chez et al,, 1994). After three days of incubation, the per-
centage of encystation reached 80% on average. The cells
were harvested and treated with 0.05% sarkosyl (Sigma
Chemical, St. Louis, MO) to destroy the trophozoites
(Sanchez et al.,, 1994). The remaining cysts were washed
with phosphate-buffered saline, counted, and then sus-
pended in a growth medium. The viability of the cysts
was determined by trypan blue dye exclusion, and the
number of nuclei per cyst was determined after staining
with modified Kohn's stain (Kumagai et al., 2001). Cyst
preparation included 30% dead or denatured cysts and
70% viable cysts, where 4-nucleate cysts are 30% and 1-
to 3-nucleate cysts are 70%. For the experiments on the
excystation and metacystic development of E. invadens,
duplicate cultures of 5x 10°cysts/ml were incubated
with inhibitors for three days. Metacystic amoebae were
counted in a hemocytometer on Days | and 3, and their
viability was determined by trypan blue dye exclusion.
Viable metacystic amoebae and cysts were clearly distin-
guished as light yellow and light blue in color, respec-
tively. The former was also identified by positive
motility. The cysteine protease inhibitors used in this
study, purchased from Calbiochem (San Diego, CA), are
listed in Table 1. These inhibitors were previously used
in cultures of human fibroblasts infected with Toxo-
plasma gondii 1o examine their effect on the intracellular
development of parasites (Shaw et al., 2002). All of the
inhibitors were dissolved in dimethyl sulfoxide (DMSO).
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Table 1
Cysteine protease inhibitors used in the present study

Inhibitor Specificity

Cysteine protease inhibitors
Z-Phe-Ala-DMK Cysteine proteases
Z-Phe-Phe-DMK Cysteine proteases
E-64 Cysteine proteases
E-64d Cysteine proteases
Calpain inhibitor 2 (ALLM) Ca®*-dependent cysteine

proteases
Cathepsin (cysteine) protease inhibitor

Cathepsin inhibitor 11 Cathepsin proteases

Abbreviations: Z-Phe-Ala-DMK, Z-Phe-Ala-diazomethylketone; Z-
Phe-Phe-DMK, Z-Phe-Phe-diazomethylketone; E-64d. (2S, 38)-
rans-epoxysuccinyl-L-leucylamido-3-methylbutane ethylester; E-64,
N-[N-(L-3trans-carboxirane-2-carbonyl)-L-leucyl]-agmatine; calpain
inhibitor 2. N-acetyl-leu-leu-methioninal (ALLM); and cathepsin
inhibitor 111, Z-Phe-Gly-NHO-Bz-pOMe.

The control cultures received the same volume of
DMSO.

Metacystic development was determined by the num-
ber of nuclei per amoeba. The cells were harvested on
Days | and 3 in cultures with or without inhibitors and
stained with modified Kohn’s stain. The number of
nuclei per amoeba was determined by the double-count-
ing of least 100 amoebae.

For the assay of cysteine protease activity, cysts
(2 x 10"/ml) were harvested, washed, and subjected to
three freeze~thaw cycles in a phosphate-buflfered saline.
After centrifugation, the supernatants were obtained as
lysates. Protease activity was quantified by the cleavage
of synthetic peptide substrate Z-Arg-Arg-AMC (benzyl-
oxycarbonyl-arginine-arginine-4-amino-7-methyl-cou-
marin; Sigma) as previously described (Keene et al.
1986), and recorded as the initial velocity of the cleavage
of the fluorescent 4-amino-7-methylcoumarin group/5 pl
lysate. The lysates were preincubated for 15Smin at room
temperature with 10 and 50 uM each of the cysteine pro-
tease inhibitors as described above.

Protease gel activity was assessed by gelatin substrate
gel electrophoresis as previously described (Keene et al.,
1986). The cysts and trophozoites were solubilized using
a Laemmli sample buflfer (Lacmmli, 1970) without a
reducing agent, and the supernatants after centrifugation
were used. To obtain metacystic amoebae with 4-nuclei
and 1-nucleus separately, the cysts were transferred to
the growth medium with or without 10 ug/ml aphidicolin
(Sigma). The cultures with aphidicolin on Day I con-
tained a higher percentage of 4-nucleate amoebae, while
the cultures without the drug on Day 3 included that of
l-nucleate amoebae (Makioka et al., 2003). Metacystic
amoebae in both cultures were lysed by treatment with a
small volume of 0.05% sarkosyl, which had no effect on
the cysts. The supernatants after centrifugation were
then treated with the Laemmli sample buffer. In certain
experiments, trophozoites were treated similarly as for
metacystic amoebae. SDS-PAGE was conducted in non-
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reducing conditions on 10% gels that had been copoly-
merized with 0.1% gelatin: equivalent to 5 x 10* loaded
per lane. After electrophoresis, the gels was washed for
[ hin 2.5% Triton X-100 to remove SDS, rinsed twice in
distilled water, and incubated in 100 mM Tris-HC! (pH
74) bufler containing SmM EDTA and 2mM DTT with
or without | mM Z-Phe-Ala-DMK for 12-18h at 37°C.

After staining with Coomassie blue and several cycles of

destaining, the gelatinase activity was detected as clear
bands on the Coomassie blue-stained background of the
control gels. All of the experiments of this study were
performed at least three times and similar results were
obtained. Therefore, the data presented in the results are
representative.,

3. Results

The eflect of cysteine protease inhibitors on the num-
ber of metacystic amoebae of E. invadens after the trans-
fer of cysts to a growth medium is shown in Fig. 1.
Among the inhibitors tested, two cysteine protease
inhibitors, Z-Phe-Ala-DMK and E-64d, were effective.
For this reason, only the results of these inhibitors are
shown. The number of metacystic amoebae in cultures
with 10puM Z-Phe-Ala-DMK during incubation was
comparable to the controls, whereas it significantly
decreased in cultures with 50 and 100 M Z-Phe-Ala-
DMK compared to the controls. Similarly, metacystic
amoebae decreased in number during incubation in cul-
tures with more than 50 uM E-64d. The effects of cys-
teine protease inhibitors on cyst viability are shown in
Fig. 2. The number of viable cysts in the control cultures
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Fig. 1. Effect of cysteine protease inhibitors on the number of metacys-
tic amoebae of Emawmoeba invadens. Cysts were transferred to a
growth medium containing various concentrations of cysteine prote-
ase inhibitors Z-Phe-Ala-DMK (A) and E-64d (B). The mean
numbers £ SE of metacystic amoebae for the duplicate cultures are
plotted (each asterisk indicates P <0.05). Concentrations of 0, 10, 50,
and 100 4M are indicated by the white circles, black circles. white
squares, and black squares, respectively.

Viable cysts X 10 */ml

0 I | J
0 1 2 3

Days of culture

Fig. 2. Effect of cysteine protease inhibitors on the cyst viability of E.
invadens in the growth medium. The experimental conditions were the
same as those for Fig. |. The mean numbers & SE of viable cysts for
the duplicate cultures are plotted (each asterisk indicates P < 0.05).
Control (white circles), S0uM Z-Phe-Ala-DMK (white squares),
100 pM Z-Phe-Ala-DMK (black squares), 50 uM E-64d (white trian-
gles), and 100 uM E-64d (black triangles).

decreased during incubation. [t is considered that most
immature cysts contained in culture degenerate or die
during incubation. The number of viable cysts in cul-
tures containing 50 and 100 M Z-Phe-Ala-DMK or E-
64d during incubation was comparable to or greater
than that of the controls, except for 100pM E-64d on
Day 3.

The effects of cysteine protease inhibitors on meta-
cystic development were examined by counting the
number of nuclei per cell. As shown in Fig. 3, 9% of the
metacystic amoebae were 4-nucleate on Day 1 of incu-
bation in the control cultures, whereas 29 and 34% of
the amoebae were in cultures with 100uM each of Z-
Phe-Ala-DMK and E-64d, respectively. The percentage
of 4-nucleate amoebae in the control cultures then
decreased to 3% on Day 3, following the increased per-
centages of 1- to 3-nucleate amoebae. In contrast, the
percentage of 4-nucleate amoebae in cultures with Z-
Phe-Ala-DMK and E-64d was still 19 and 27% on Day
3, respectively, suggesting the inhibition of metacystic
development due to these inhibitors.

Since there was a difference in the inhibitory effect on
excystation among the cysteine protease inhibitors used,
we examined the effects of these inhibitors on cysteine
protease activity in cyst lysates. As shown in Fig. 4,
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Fig. 3. The effect of cysteine protease inhibitors on the metacystic development of E. invadens. The cysts were transferred to a growth medium with or
without 100 uM of Z-Phe-Ala-DMK or E-64d. The numbers of nuclei per metacystic amoeba stained with modified Kohn on Days | and 3 of incu-
bation were counted, and the percentage of amoebae in each class (1- to 7-nucleate) was determined (each asterisk indicates P < 0.05).
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Fig. 4. The effect of cysteine protease inhibitors on cysteine protease
activity in the lysates of E. invadens cysts. The lysates of E. invadens
cysts (2 x 107/ml) were incubated with 10 or 50 uM each of the six
inhibitors shown in Table 1. The percentages £ SE of inhibition
against the control are plotted.

cysteine protease activity in cyst lysates against synthetic
peptide substrate Z-Arg-Arg-AMC was inhibited by all
of the inhibitors, although there was a difference in their
potency.

As shown in Fig. 5A, gelatin substrate SDS-PAGE
indicated a major band of 56kDa, broad bands of 58-
66kDa and 44-54kDa, and a minor band of 43kDa in
cyst lysates (C). The 56kDa band and these broad bands
detected in cysts were also seen in trophozoite lysates
(T). Additional broad bands of 29-41kDa were also
detected in the trophozoite lysates, suggesting a qualita-
tive difference between these two forms. Most of these
bands disappeared in the presence of Z-Phe-Ala-DMK.
Newly hatched metacystic amoebae with four nuclei
(M1) showed a band pattern similar to that of cysts,
while more developed metacystic amoebae with one
nucleus (M2) showed a band pattern similar to that of
trophozoites (T1) (Fig. 5B).
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Fig. 5. Gelatin substrate SDS-PAGE of the lysates of E. invadens
cysts, metacystic amoebae, and trophozoites. (A) Cysts (C); tophozo-
ites (T). Following the removal of SDS, the gels were incubated in
buffer alone (~) or with 1 mM Z-Phe-Ala-DMK (+). (B) M1 and M2
were metacystic amoebae from cultures with aphidicolin on Day 1,
and those from cultures without the drug on Day 3, respectively. Tl
was trophozoites treated similarly as those for metacystic amoebae.

4. Discussion

These results strongly suggest the participation of cys-
teine proteases in the excystation and metacystic devel-
opment of E. invadens. As cyst viability was not aflected
by the two cysteine protease inhibitors, Z-Phe-Ala-
DMK and E-64d, reduced excystation cannot be due to
their toxic effect on cysts. Since other cysteine protease
inhibitors used in the present study inhibited cysteine
protease activity in cyst lysates, their failure to block
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excystation must be due to their lower cell permeability.
This is true for E-64, which had a strong inhibitory
potency on the cysteine protease activity in cyst lysates.
On the other hand, its inhibitory effect on excystation
was much lower than E-64d, which is a membrane-per-
meable synthetic analog of E-64. The process of excysta-
tion includes the loosening and separation of amoeba
from the cyst wall; the amoeba begins to move about
within the cyst. The amoeba then flows back and forth
through a small pore in the cyst wall and escapes from
the cyst. Thus, cyst wall destruction is necessary for min-
ute perforation of the cyst wall. Since the Entamoeba
cyst wall contains a mix of protein and chitin (Arroyo-
Begovich and Carbez-Trejo, 1982; Frisardi et al., 2000),
it is conceivable that both protease and chitinase are
essential for cyst wall destruction in the excystation pro-
cess. The walls of E. invadens cysts are electron dense
and have a uniform thickness of ~100nm when
observed by electron microscopy (Frisardi et al., 2000).
Electron-dense materials were also present in the secre-
tory vesicles and along the plasma membrane. Further-
more, the formation of a crescent-shaped space between
the plasma membrane and the cyst wall was observed,
and, frequently, some electron-dense bodies projected
towards this newly formed space (Chavez-Munguia et al.,
2003). Metacysts that endocytose the cyst wall residues
were also observed. These observations suggest that
secretory vesicles, including proteases and chitinase, are
sent in close apposition to the plasma membrane. These
enzymes are then secreted into the space between the
plasma membrane and the cyst wall to destroy the cyst
wall,

The hatched 4-nucleate metacystic amoeba grows
rapidly and divides to form eight amoebulae. The results
indicate that cysteine proteases are also involved in this
metacystic development because the percentage of 4-
nucleate amoebae was higher than in the controls on
Day 3 of incubation. The results indicate the difference
in the band pattern of protease activity between cysts
and trophozoites, also changing the band pattern form
from cyst-type to trophozoite-type during metacystic
development. This is related to our previous results that
suggest change in the expression of proteins during
metacystic development (Makioka et al., 2003).

Regarding other proteases, we have previously dem-
onstrated that lactacystin, a specific inhibitor of protea-
some, had little effect on the excystation and metacystic
development of E. invadens, suggesting the little contri-
bution of proteasome to these processes (Makioka et al.,
2002), although lactacystin inhibited the encystation in
vitro of E. invadens (Gonzalez et al, 1999; Makioka
et al., 2002).

It has recently been demonstrated that E. histolytica
contains 20 cysteine protease (CP) genes, of which only a
small subset is expressed during in vitro cultivation
(Bruchhaus et al., 2003). Therefore, it is likely that at

least some of these enzymes are required to infect the
human host and/or complete the parasite life cycle
(Bruchhaus et al.. 2003). The gene that encodes CPS5 is
missing in the closely related but non-pathogenic E. dis-
par, suggesting the potential role of CP5 in the host
tissue destruction of E. histolytica. Since cyst wall
destruction is necessary for excystation by both amoe-
bae, it appears that CP5 is not responsible for cyst wall
destruction in either E. histolytica or E. dispar, or that
other CP isoforms are used for it in E. dispar. Regarding
CP genes in E. invadens, it has recently been demon-
strated that among the 20 CP genes of E. histolytica,
14 homologous genes are found in this parasite (Wang
et al, 2003)..

Future study will focus on the identification and char-
acterization of CP isoforms responsible for the excysta-
tion and metacystic development of Entamoeba, which
will lead to a more accurate understanding of these pro-
cesses and also to the identification of targets for vacci-
nation and chemotherapy to inhibit Entamoeba
infection.
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GROWTH-PROMOTING EFFECT ON IRON-SULFUR PROTEINS ON AXENIC CULTURES
OF ENTAMOEBA DISPAR
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INTRODUCTION

T ntamocha dispar grows well under xenic and
4 monoxcnic culture conditions along with enteric
o DACTCTE SUCH a8 ECherchic coli or anacrobic bac-
teria such as fusobacterium symhiostm (Clostridium
symbiosunt ATCC 1494 (Robinson, 1968: Diamond,
1982 Nargas of al.. 19901 However, even after the
ntroduction of the asenic yeast extract-iron serum
(YESy medium tor 7 dispar {Diamond ¢f al.. 1995
Clark. 1995) the axenic cultivation of £ ddispar remains
ditticult. Compared with £ dispar. pathogenic £, histo-
Wytica, which is closely related o £ dispar. casily adapts
to the axenic culture medium CIY1-5:33) (Diamond of
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RESUME : Lis LFFEIS 1 ACCHLIRATION DE CROISSANCE DI PROTEINS
FER SOEFRE DANS LA 8 ETTRE ANCNIOUE DR 0e8.0 Disran

Des factewrs d'accéleration de croissance {Growth promoting
factor: GPF} favorisant fe développement dEntamoeba dispar oni

. 8lé délectés dans lo composition de la mitochondrie, de

- I'hydrogénosome et du chloroplasie isolés ¢ partir de six sortes de
lules issves de protozoaites, mammiléres et plantes. De plus, les
GPF de cellules de mésophile contenont une grande quantite de

. chloroplaste vegeial [Commelina communis L] ont pu ére extraits
comme une subsionce composée de protéines de faible masse
leculoire (= 4000) et de chloroplastes dans ta composition

idiuvm pasteuionum/ el de chiorophylle-a taite

e med (3 A Y i
thunad 0.0 % el du coms simple wivedoxine de

pasteuriany:y sbservations ont suggeré qu'une
composanile essentigle formant la protéine fersoufre dE dispor
fcomme novau fersoufie) semblait étre insuffisante

Q)

al . 1978) Additionally. Entamoeba bistolytica is
capable of invading the mucosa of the large intestine.
We have also developed a new veast extract-iron-gluco-
nic acid-dihydroxyacetone-serum medium (YIGADHA-5:
(Kobayashi ef al., 200%) based on the YI-5 medium and
on the results of an investigation on bacterial metabolic
products, and have succeeded in culturing five strains
under axenic conditions. However, despite using the
YIGADHA-S culture system, the axenic growth of four
of five strains of £, dispar was found to be very poor.
with the exception of one primate-derived strain
CCYNO 09:TPC) isolated from a cynomolgus monkey
A turther scarch for usetul growth promoting factors
(GPEs) revealed that autoclaved (121°C. 15 minutes)
bacteria and more than 20 types of protozoan, mam-
mdlian and plant cells contdining mitochondria (Mo,
hydrogenosomes (1g) and chloroplasts (Cpy have a
significant growth-promoting effect on £ dispar.
However, the degree of these growth-promoting etfects
ditters among the GPEs. In the present study, we were
able 1o extract GPF from the Cp-rich leal cells of a plani
(spiderwort: Connmelinia conmmnis 1)) in an acetone-
soluble fracton as a chlorophyll complex with low mole-

—322—



cular weight proteins, significant wnounts of iron (Fes.
sulphur €5 and molyhdenum (alo) atoms were tound

in the prowin-chlorophyll complex tfraction along with
the magnesium (Mg) atom of chlorophyil

Bused on these findings. we hvpothesized that some
common components of Fe-S proteins present in Mr,
Hg, Cp and bacteria support the growth of £ dispar,
This is because in £ dispar, an essential redox Fe-s
protein [ferredoxin (Fd s expected (o be involved in
energy metabolism, such as oxidutive decarboxylation
of pynnvare 1o acetyl-coenzyme A Gacetyl-CoAd, which
is similar 1o that found in £ histolytica (Mclangblin &
Aley. 1985

MATERIALS AND METHODS

E. DISPAR ISOLATE

3

n this study. one human-derived strain of axenically
grown o dispar (AS 16 1Ry (Robayuashi of ¢l 2003)

s

was used to determine the growth promoting eifect

~

ol o=y proteins,

ANENIC CUUVINATION OF B Dispag

The YIGADHA-S medium (Kobayashi of ol 2005) contai-

S T

A heat-inacrivated Dovine serum was used s

the axenic cultivation mcedivm Tor Lo disper

DONOR cELbs oF M1, Ha, CF o aND MIETTOSOMES

The Mt donors are as follows: protozoan parasites: D €7
thidlia fascicitlaia (RelP-1.0 PRR striain, ATCC 300831
i) Jrypenosona cruzi Chulahuen siraino: iy Leishimea
pdeq merjor OHOM, ST 730 5-ASKIT strain, ATCC SO155 %
v Accithamuoeha casiellenii TATCC 300100 vy The
donors were from the

and iy
vertehrate cells used as MM
mouse lvimphoblast coll ine (P38 ATCC CEl-a0),
The He donors are as follows: protozoan parasites: viv 7
chomones vaginaglis ONO-T1 straino (Q1 ¢f af . 1993 and
Vi) Trichomaones foeties CORamoto of gl 1995 Vi T
ves of the spiderwaort (Conpmeling comniinis 1) were
usced as the Cp donors. Consisting amitochondrial pro-
tozOUn Parasite mitosomes that are mitochondrial rem
nant organclles Ctovar ef ol 2003 was used as the
mitosome donor, ix) Glardig intestinelis Csync famblicn.
{Portiand-1 strain, ATCC 308830 The bacterium used was
Psevddomaonas cernginosa (PACKELO straing (Robavashi
ef ol TOUS),

PREPARANTION OF CELLS

¢ fasciculata and 1. crrizi were axenically caltured in
liver infusion tryptose (LT medium (Gutteridge et ol
19691 supplemented with 10 foctal bovine scrum
(FBS3 After cubivation for three and seven days res-

1

pectivety, 2% 107 cells of cach parasite were harvested
by centrifugation (656 g x 8 minutes). 'Fhe cells of cach
parasite were washed three times by centrifugation
with 10 mM phosphate-buttered saline (PBS) (pli 7.4,
and cach pellet was suspended in approximately cight
times its volhwme of 50 mM Tris-HCH (pl 7.0 L inajor
was axenically cultured in schoeider's medium (Gibeo™)
supplemented with 15 % FBS at 26" C for four days and
harvested by centrifugation (650 g x 8 minutes). A, cas-
fellernii was axenically cultured in peptone-yeast ghu-
cose (PYG)Y medium (Rowbotham, 1983 ATCC media
tormulations No. 7120 tor four days and harvested by
centrifugation (650 ¢ x + minutes). The P38sSDT ccll
line was cultured in RPMU 1040 medium (Nissui Phar-
maceutical Co.. Taito-ku. Tokyo, Japan) supplemented
with 10 % FBS tor four days and harvested by centri-
fugation (125 g % i minutes). 70 pdginalis and 1. foetus
were axenically cultured for three days in Bl-5-33
medium in which the peptone components of TYI-S-
33 medium (Dimond et al., 1978) are substituted by
Biosate (BBL. Becton Dickinson Co., Cockeysville, Mary-
fand. 1'sA). and harvested by centritugation (279 g X
i minutes). The Cp-rich fraction from the wild spider-
wort (¢ commuiits 1.y was isolated. The leaves of wild
spiderwort woere picked trom the private ficld of Keio
University (Tokyo) during the flower season from June
10 August (2000-2003). Fresh green spiderwort leaves
wore sinppod fromn the stems, wished with tap water
and then with distitled water. The leaves were ground
with serum-free RPME 1040 medium (RPMD) in an ear-
thenware mortar by using a wooden pestle. ‘The resul-
ting leal” cell suspension was tiltered through a double
thickness cauze 1o remove the residue, The cell sus-
pension was then washed three times with RPMI by
coentrifugation Gt @ ) 10 minates). P2 dertginosd was
cultured in Biosate-fron broth (Diamond of al.. 1978)
Foor three days and harvested by centrifugation (650 @
pinutes . L infestinelis was axenically cultured in modi-
ficd Bl-5-33 medium (Keister, 1983) tor three days and
harvested by centrifugation (275 g 1 minutes),

PrEparATioN OF M1, Ha ann Cp FRACTIONS

M Tlg and Cporich Ictions were prepared as dess
cribed by Hogehoom (1955, Opperdoes ef al. C19%4)
and Gorham (195%), respectively. since the methado-
fogy for mitosome isolation has not been established.
intact cells of ¢ duestinalis were tested for their growth-
promoting chect without preparing the mitosome rich
fraction. After washing the fractions with RPMI once
by centrifugation (410 g x 10 minutes), each fraction
wis suspended in 2 ml of RPMIL In order 1o test for
their growth-promoting effect under axenic culture
conditions, the fractions were sterilized by autoclving
CL217C0 15 minutes), and 0.2 ml of cach suspension
was added into the YIGADHA-S medium (5 mib). The

Parasite, 20006, 13 000000
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medium was then inoculated with a 0.8 mil suspension
of £ dispar (ASTOIR strain = AS 16 [R) (final density:
200-2.700 amocebae, mb).

NUPAGE"® NovEX 4-12 % BIs-TRIS GRADIENT
PEPTIDE GEL ELECTROPHORESIS AND PREPARATIVE
SODIUM DODECYL SULFATE-POLYACRYLAMIDE GEL
ELECTROPHORESIS (SDS-PAGE)

The lyophilized cell fraction of spiderwort was extra-
cred with 20 %, 10 %, 80 % and 100 % acctone solu-
tions (20 mg/mb for 10 minutes at 1+ C. After centri-
fugation (17,800 g x 10 minutes, -+ ) of each acetone
extract. the supernatant was collected. The supernatants
that were extracted with 80 % and 100 % acetone solu-
tions were diluted with distilled water to obtain an ace-
tone concentration of 50 %. Each supernatant was then
concentrated by evaporation by using a SpeedVac sys-
tem (SVC 100 Savant Instruments, Inc., Farmingdale,
New York, USA) until evaporated 1o dryness. The mole-
cular weight of the proteins in each extract was deter-
mined by NUPAGE"™ Novex 4-12 % Bis-Tris gradient
peptide (Invitrogen Corp., Carlshad, California, USA) gel
electrophoresis,

The bands of complexes of low molecular weight pro-
tein with chlorophyll that were detected in the super-
natants of 80 % and 100 % acetone extracts were iso-
lated by preparative SDS-PAGE on a 12 % gel in a Mini
Prep Cell (Bio-Rad Laboratories, Inc., Hercules, Califor-
nia, USA) clectrophoresis unit. SDS-PAGE was perfor-
med according to the procedure described by Lacmmli
(1970). For NuPAGE® (Novex 4-12 % gradient peptide
gel = Novex 4-12 %) each dried and concentrared
supernatant of the acetone extract was redissolved in
the sample buffer with 50 mM dithiothreitol and heated
at 707 C for 10 minutes to reduce the disulfide bonds.
For SDS-PAGE (12 % gebh) cach supernatant was redis-
solved in the sample buffer with 1 % (v/v) 2-mercap-
toethanol (2ME) and boiled for four minutes. Following
NuPAGE?®, the gel was stained with 2D-silverstain 11
(Daiichi Pure Chemicals Co. Ltd., Chuo-ku, Tokyo. Japan).

ASSAY OF THE ACETONE EXTRACTS
OF SPIDERWORT LEAF CELLS FOR A GPF

One millilitre supernatants (obtained after centrifuga-
tion: 17800 g x 10 minutes, 17 C) of the 20 %, 30 %,
80 % and 100 % acetone extracts of the lyophilized cell
fraction of spiderwort (20 mg/mb was dialyzed three
times against 200-250 volumes of distilled water for
18 hours by using a Spectra/Por” 3 (3500 MWCO) dlia-
lysis membrane for 18 h; the volume of cach extract
was adjusted to 2.4 ml Each extract was sterilized by
filtration (Sartorius membrane filter: 0.2-mm pore size),
and 0.2 ml of each extract was added to the YIGADHA-
S medium to test the growth-promoting effect of the
extract on £odispar (AS 16 1R).

Pariuasite, 2000, 13, 000-000

ANALYSIS USING A SCANNING ELECTRON
MICROSCOPY (SEMY/ENERGY DISPERSIVE X-RAY
ANALYSER ( EDDX)-INTEGRATED ANALYSIS SYSTEM

Following the preparative SDS-PAGE, the complexes
of chlorophyll with low molecular weight proteins in
the 80 % and 100 % acetone-soluble fractions were dia-
lyzed in the same manner as described above. After lyo-
philization, the dialyzed complexes were examined using
an SEM and EDX-integrated analysis system SEM-EDX 1
Type N/H (Hitachi Science Systems, Ltd., Hitachinaka,
Ibaragi, Japan) in the Nihonbashi laboratory, Hitachi High-
Technologics Co., Tokyo, Japan.

PREPARATION OF CHLOROPHYLL-A COMPLEXES
WITH PURIFIED IRON-SULPHUR PROTEINS

Puritied Fd from spinach (1 mg/ml; Sigma F-3013) and
C. pasteuriarnem (1 mg/ml; Sigma F-7629) and purified
rubredoxin (Rd) from C. pasteurianum (157 mg/ml;
Sigma R-2512) were dissolved in 0.6 % 2ZME/H20
(20 mg of Fd or 31.4 mg of Rd/4 ml of 0.6 % 2ME),
and the Fd and Rd solutions were dialyzed in the same
manner as described above. Purified chlorophyli-a
(Sigma C-5753) was dissolved in acetone (25 mg/25 ml
acetone), and after adding 4 ml of distilled water, the
solution was dialyzed in the same manner as described
above. The Fd and Rd solutions were mixed with dialy-
zed chlorophyll-a and incubated for 10 minutes at 257 C.
The solutions of chlorophyll-a complexes were then ste-
rilized by filtration, and 0.2 ml of each solution was
added to the YIGADHA-S medium 1o test their growth-
promoting effect on £ dispar AS 16 IR.

STATISTICAL ANALYSIS OF GROWTH-PROMOTING EFFECT
ON E. DISPAR

All experiments for testing growth-promoting effect
were repeated at least twice. The data of each expe-
riment were subjected to one-way analysis of variance
(ANOVA) with Dunnett’'s multiple comparison post
hoc test: the levels of statistical significance were taken
as < 0.05 and p < 0.01.

RESULTS

#he Mt Hg and Cp isolated from eight different
types of cells were tested to determine whether
2. they promoted the growth of axenically grown
L. dispar AS 16 IR. The intact cells of . intestinalis and
P aeruginosa were also tested for the same. A growth-
promoting effect was apparently observed for every
fraction except for the fraction of intact cells of . intes-
linalis. Apparently, the intact cells of E. histolytica (1TM-
- IMSS clone 6 strain) containing mitosomes (Leon-
Avila & Tovar, 2004) also did not produce a




growth-promoting effect (data not shown). Although
the growth-promoting effect of the two tractions of Mt
from 7. cruzi and the Hg fraction from 7. vaginalis
retained the statistically signiticant ditference by Dun-
netr’s test (p < 0.05). the growth-promoting effect of
the other six fractions containing Mt Hg and Cp was
significantly different (p < 0.01 or p < (.05). In parti-
cular, the effect of the Cp fraction tfrom spiderwort
exceeded that of the intact cells fraction of 2. aerngi-
nosa as shown in Figure 1. Thus, it was concluded that
some of the Mt, Hg and Cp fractions, which were
obtained under appropriate conditions as well as the
intact bacterial cells contain a GPF

Acetone extraction was used to obtain a water-soluble
GPF from Cp-rich leaf cells of some plant species (e.g.,
spiderwort, cherry and morning glory). which have suf-
ficiently strong leaf-cell membranes that can withstand
the leaf crushing and cell isolation process. Figure 2
shows the results obtained on testing the 0 %, 20 %,
40 %, 80 % and 100 % acetone-soluble fractions from
fyophilized Cp-rich leat cells of spiderwort for a growth-
promoting effect. The results showed that the 20 % and
80 % acetone-soluble fractions had a stronger growth-
promoting effect than the other acctone-soluble frac-
tions (0 %, 40 % and 100 %), The growth-promoting
effects of the 20 % and 80 % acetone-soluble tfractions
were statistically significant at p < .01 (Dunnett's test);

however, the effects of the 0 %, 40 % and 100 % ace-
tone-soluble fractions were retained at p < 0.05. The
silverstain NuPAGE® analysis of these acetone-soluble
fractions yielded a distinct dense protein band (MW
4600) that was common to the 20 %. 40 %, 80 % and
100 % acetone-soluble fractions. The intensity of the
bands of the 20 % and 80 % acetone-soluble fractions
were stronger than the bands of the other acetone-solu-
hle fractions (40 % and 100 %) (Fig. 3). These results
indicated that the efficacy of the growth-promoting
effect was correlated with the intensity of the low mole-
cular weight protein band (Figs 2, 3). The band of the
complex of the chlorophyll with low molecular weight
proteins (green colour) present in both the 80 % and
100 % acetone-soluble fractions was obtained by SDS-
preparative electrophoresis; both the fractions showed
a growth-promoting effect on E. dispar AS 16 IR (data
not shown). The result showed that the band of the
complex of chlorophyll with low molecular weight pro-
teins, which was present in the acetone-soluble frac-
tions, contained a GPF. The reduction in the intensity
of the low molecular weight protein bands obtained
by using the 40 % acetone-soluble fraction was conside-
red to he caused by the incomplete solubility of chlo-
rophyll. Some protein parts are believed to be preci-
pitated together with the insoluble chlorophyll when
extraction is performed with an intermediate concen-

20000
ke Control (—)
@ Giardia intestinalis (Ic:Mitosomes) 1
~{]— Spiderwort (CP)*
8. Trichomonas foetus (Hg)*
vy Trichomonas vaginalis (Hg)®
—&— Acanthamoeba castellanii (Mt)* Fig. 1. - The effect of intct cells o
- - Mouse cell line, PI88DI (Mt)** and the fractions of mitochondria (M.
& =8~ Crithidia Jasciculata (Mt)* chloroplists (Cpy and hydrogenosomes
: w{ e Trypanosoma cruzi (MDR (Fg) from ten types of cells, including
& ) . e hacterial, mammalian, plant and pro
£ =\==Pseudomonas.aeruginosa (Ic) ) ) o
-} . . . N tozoun cells, on the growth of Enta-
£ . Leishmania major (Mt) movbe dispar.
E 10000 'I“he celtular ('ompfmems were .:;lgri-
) lized by auwtoclaving at 121°C for
s 13 minutes. The growth kinetics of the
g E. dispar AS 16 IR strain in the
&= YIGADHA-S medium are shown tmean
= numbers of amoebae in duplicate cul-
Z. tures are plotted). *, **: the mean of the
arowth-kinctic level was signiticanty
higher than that of the control (°p <
0.01 and **p < 0.03 by Dunnett’s test).
R: the significant difference wuas
retained by Dunnett’s test (p < 0.03),
0 ¥ P
0 4
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iration of acctone such as 40 % As compared (o an
s acetone concentration, the 100 %% concentration
of acetone was considered to be slightly severe for the
extraction of the low molecular weight proteins without
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Fig, A - NuPAGE* tNovex 412 0w of Tive acetone soluble frackions
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soluble fow molecuber weight protein Hands were isolned fron the
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Fig. 2.

Eftect of soluble fractons of spiderwort Cp-rich feaf cells
20300

extracted with five different concentragons of acetone (%,
A0 Y H0 v and e @y on the growth of £ disper

The growth Kinctios of the E dispar AS 16 IR sirain in the
VIGADHA S medium e shown tmean numbers of amoebuae in
duplicate cultures are plotteds. *: the mean of the growth Kinetic
fevel wus significantly higher thian that of the control Up < 0.01
by Dunnetts 1est. Re the significant difference was retained by
Dunnett’s st (7 < 0.033,

decreasing the activity of a GPF. As a result, the inten-
sity of the low molecular weight protein bands
obtained by using the <40 % and 100 % acetone-soluble
fraction was helicved o be reduced.

The SEM/EDX-integrated analysis system revealed that
the low molecular weight protein band contained Fe,
S and Mo woms along with the Mg atom of chioro-
phyll (Figs 1.5 We believed that Fd present in Cp is
a type of Fe-s protein containing Fe and S atoms. In
order to confirm the growth-promoting effect of Fd.
we examined the effects of purified spinach Fd (AW
12,0000, ¢ pastenricanim Fd (MW 06,0000 and purified
. pastenrianum Rd (MW 19.000) on the growth of
Lo dispar As 10 IR The analysis revealed that 0.6 %
2ME-reated O pasterrianim Rd and each of the water-
soluble chlorophyll-a complexes with 0.6 % 2ME-treated
spinach Fd and € pasteuriannm ¥d have a growth-
promoting cffect on £, dispar AS 10 IR with a staristi-
cally significant difference (0 < 0.01D) (Fig. 6). The non-
complexed Fd from spinach and trom ¢ pasteuricnin
treated with 0.6 %6 2ME also had a stight growth-pro-
moting effect when compared with the growth kinetics
of the control with or without chlorophyll-a; however,
these growth-promoting effects were retained (p <
(105},

These results suggest that the GPEF in the acetone-
soluble fraction of spiderwort Cp-rich leat cells s the
complex of the chlorophyll-a with a component of an
Fe-s protein, such as an inorganic Fe-S centre, released
by the breakage of disuifide bonds due 1o treatment
with 2ME The Fe-y redox proteins are commonly found
in enteric bacteria (e.g.. Fdi, mitochondria (e.g., Te-S
proteins in complex Fand 1), chloroplasts (e.g., Fd) and
hydrogenosomes te.g Fd): however, there are difte-
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Fig, 4. - Scanning electron microscope (SEMD images of crystals

obsened in complexes of chlorophvil with low molecular weisht
proteins present in the 8O % (A and 100 20 (B acetone-soluble frac
tions.

By using an SEM energy dispersive Xoruy (EDX) analyzer, Fe utoms
were detectedd at point A (A and S nd Mo atoms were detected
G point B s .

rences in the chemical structure of thetr Fe-S centers.
In £ dispar, ¥d is considered as an essential redox pro-
tein involved in energy metabolism. similar to that in
E. histolytica, although neither species contains Mt
These tindings suggest that £, dispar grown under axe-
nic culture conditions may lack a sutficient quantity of
some essentinl component of the Fe-s proteins (e.g.,
Fe-5 centre).

The growth-promoting effect of the GPIF was tested on
three other strains of £ dispar (SAW 1734R clone AR,
AS 2 IR and CYNO 16:1PC). (Kovabashi er al., 2005,
it was confirmed that the GPF produced the same effect
on their growth (data not shown),

DISCUSSION -

ﬁrcx iously, we designed the YIGADHA-S medium
(Kobavashi er a/.. 2003) for axenic cultivation of
E. dispar. Tt contains dihydroxyuacetone (DHA)
that has a significant growth-promoting ctfect on £ dis-
par. DHA is a ketotriose and functions as a sugar sotree
tor £ dispar: theretore, it is considered to be directly
metabolized to DHA phosphate, which s an interme-
diary mewbolite in the Embden-Meyerhof-Parnas gly-

a RRREH V. RY WEB. ARE

5.Mo

o

wa HBER AV RE RBY HRR

Fig. 5. — Specific peaks of the Fe atom ar point A (Fig, 3 and 8 and
Mo atoms at point P (Fig. 2 detected in the complexes of chloro
phyllwith low moleculur weight proteins in the 80 % (A) and 100 %
B acetone-soluble fractions by using an SEMEDX analyzer.

colytic pathway. However, the growth of £. dispar was
poor despite the presence of DHA.

In the present study, a GPF was detected in the auto-
claved Mt Hg and Cp fractions and in intact bacteria
and was demonstrated to show a growth-promoting
cffect on £ dispar. However, the efficacy of each GPF
from these organelles varied under different conditions.
Prior to the present study, detection of a GPF from tro-
phozoites of E. histolytica (HM-1:1MSS clone 6 strain)
was attempted. Since £ histolytica is genetically clo-
sely related w0 E. dispar, it contains an abundance of
Fe-S proteins, such as Fd, which are only stable under
anaerobic conditions., and it contains mitochondrial rem-
nant mitosomes (Leon-Avila & Tovar, 2004). However,
neither the intact cells nor any extract from the cells
could promote the growth of £ dispar AS 16 IR (data
not shown). One reason for the failure to extract a GPF
from E. histolytica trophozoites may be the fragility of

Parisite, 20006, /3, 000-000




14600
——D—— Control

i Chlorophyil-a
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12000 A . -
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2 . pasteurianum-¥d¢
g (. pastenrignum-Fd +Chiorophytl-a*
10000 4 —e— ¢ pasteyrianum-Rd*

e (. pasteurianum-Rd
+Chlorephyil-a*

8000

6000

Number of amebae / m]

4000

Fig. 6. - Effect of chlorophyll-a (-85, 0.6 % 2ME-
b treated spinach ferredoxin (Fd) (=O-), Clostridinm
pastenrianum Fd (=) and ¢, pasteririaniim rubre-
doxin (Rd) (=) and compleses of chlorophyll a
with spinach Fd (=@=), ¢ pusteuricnum Fd «——)
and 0 pastenrianunt R (===) on the growth of
K. dispar. and conwrol (-8,

The growth Kinetics of the £ dispar AS 16 IR strain in
the YIGADHA-S medium are shown (mean numbers of
amoebae in duplicate cultures are plotted). *: the mean
of the growth-kinetic level was significantly higher than
that of the control (*p < 0.01 by Dunnett’s teso. R: the
significant difference was retained by Dunnett’s test (p <
0.05).

2000

Days

the cell membrane and organelles (e.g. mitosomes)
similar to that of the spinach leaf cells. The GPF was
assumed to be composed of a heat-stable substance
and some other common simple inorganic substances.
It was feasible to isolate the GPF from acetone-soluble
fractions of Cp-rich leaf cells as bands of low mole-
cular weight proteins complexed with chlorophyll
containing Fe, S and Mo atoms.

The results of this study indicate that the protein bands
may be derived from Fe-s (c.g., Fd) or Mo-Fe-S pro-
teins le.g.. molybdoferredoxin, which is a conmon
component of nitrogenase (present in rhizobium spe-
cies). 1t appears that the GPF requires to form a4 com-
plex with chlorophyll because the growth-promoting
effects of purified Fd trom spinach. ¢ pasteurianum
and £, histolytica strain HM-1: IMSS clone 6 (the Fd
consists of 4Fe-i5 centre) on £ dispar AS 16 IR were
not remarkable (data not shown). We found that the
complex of chlorophyll-a with 0.6 % 2ME-treated Fd
containing a 2Fe-25 centre from spinach and that
containing 4Fe-18 centre from €. pasteurianmm have
a growth-promoting effect on £, dispar AS 16 IR. This
effect was also ohserved with 0.6 % 2ME-treated R,
which has the most simple Fe-S centre 1 Fe and i cys-
teine-residues without inorganic 8), without chloro-
phyll-a. It is not clearly understood why complex for-
mation must occur between chlorophyll-a and the
components (Fe-S centres and cysteine residues) of
hacterial and plant Fd to produce a growth-promoting
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effect is not clearly understood. However, it is consi-
dered that the complex of chlorophyll-a with the Fd
component (MW greater than 100,000 by gel permea-
tion chromatography) may be efficiently raken up by
amoeba cells as a compact mass by a process, such
as pinocytosis, and the complex may be degraded until
an appropriate size of the Fe-S compound is obrained.
We speculate that the Fe-5 compounds are utilized as
components of some essential Fe-S proteins such as
amoebic Fd, which is an essential redox protein invol-
ved in oxidative decarboxylation of pyruvate to acetyl
CoA in £. dispar. this is similar to that reported in £ his-
tolytica (McLaughlin & Aley, 1985). It is reported that
the amitochondrial protozoan parasite I histolytica.
which is closely related to E. dispar, contains numerous
fermentation enzymes that are similar to bacterial
enzymes, including the pyruvate Fd oxidoreductase, Fd
and alcohol dehydrogenase E, derived from concomi-
tant enteric hacterial DNA by horizontal transfer (Rosen-
thal e al., 1997).

We succeeded in developing a more stable axenic cul-
tivation system by adding the complex of chlorophyll
with a component of Fe-S protein (e.g., Fd from spi-
derwort) treated with 2ME (o the YIGADHA-S medium.
We achieved an improved axenic cultivation system for
E. dispar by using cellular components of protozoan,
mammalian and plant cells as well as intact bacteria.
However, we recognize that it is difficult to develop
an axenic cultivation system for £, dispar that is at par




with the well-established cultivation system of £, his-
tolytica tor use in biological studies such as bioche-
mical and immunological studics, cte.
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AXENIC CULTIVATION OF ENTAMOEBA DISPAR IN NEWLY DESIGNED YEAST
EXTRACT-IRON-GLUCONIC ACID-DIHYRDOXYACETONE-SERUM MEDIUM

Seiki Kobayashi, Eiko Imai, Ali Haghighi*, Shaden A. Khalifa, Hiroshi Tachibanat, and Tsutomu Takeuchi
Department of Tropical Medicine and Parasitology, School of Medicine, Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan.

e-mail: skobaya@sc.ifc.keio.ac.jp

ABSTRACT:

Yeast extract—iron—gluconic acid-dihyrdoxyacetone-serum medium that allows axenic cultivation of Entamoeba dis-

par was designed based on casein-free yeast extract-iron-serum (YI1-S) medium, and the usefulness of the medium was assessed.
The main ditferences from YI-S medium are replacement of glucose by gluconic acid, addition of dihydroxyacetone and D-
galacturonic acid monohydrate, and sterilization by filtration. This medium promoted the axenic growth of 5 strains of E. dispar
(2 strains of nonhuman primate isolates and 3 strains of human isolates). In addition, to clarify the biological basis for the growth
of E. dispar in this medium, analyses of relevant enzymes on the glycolytic pathway of the amoebae as well as of the protozoans
that are the best culture supplement for amoebae are being performed.

After axenic cultivation of Entamoeba dispar (strain:
SAW760RRcloneAR) was reported (Clark, 1995) in casein-free
yeast extract—iron—serum (YI-S) medium (Diamond et al.,,
1995) supplemented with gastric mucin, the efficacy of this axe-
nic culture system was assessed for other E. dispar strains.
However, despite its utility, the only E. dispar strain established
as an axenic amoeba in YI-S medium thus far is SAW760RR
clone A.

On the other hand, when a monoxenic culture system for E.
dispar in biosate—cysteine—starch~iron—serum (BCSI-S) medi-
um with Pseudomonas aeruginosa was developed (Kobayashi
et al., 1998), a significant growth-promoting effect of dihy-
droxyacetone (DHA) was observed. DHA is a ketotriose and
as a sugar source for E. dispar is thought to be directly metab-
olized to DHA phosphate (DHAP), which is an intermediary
metabolite in the Embden-Meyerhof—Parnas glycolytic path-
way.

Another significant result was that during characterization of
the glycolytic pathway of Crithidia fasciculata, an effective cul-
ture associate of E. dispar in BI-S-33 medium (Diamond et al.,
1978), approximately 35 times as much glucose-6-phosphate
dehydrogenase (G6PDH) activity as that of Trypanosoma cruzi
(Tulahuen strain) was detected. Trypanosoma cruzi can be used
as a growth-promoting supplement for monoxenic culture of E.
histolytica. However, it does not promote the growth of E. dis-
par, whereas C. fasciculata does (S. Kobayashi, unpubl.).
G6PDH activity has not been detected in axenically grown E.
histolytica (Reeves, 1972) or E. dispar (S. Kobayashi, unpubl.).
G6PDH is an essential enzyme not only in the pentose-phos-
phate pathway but also in the Entner—Doudoroff pathway,
which starts with G6P. G6PDH catalyzes the transformation of
G6P to 6-phosphogluconate (6PG) via 6-phosphogluconolac-
tone, and we focused attention on the glycolytic pathway after
6PG in E. dispar and examined the reactions after 6PG. Both
the pentose-phosphate and Entner-Doudoroff glycolytic path-
ways can branch from 6PG. The activity of 6PG dehydratase
(EC 4.2.1.12.) (Gottschalk and Bender, 1982; Nguyen and
Schiller, 1989), which is one of the enzymes in the Entner—
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Doudoroff pathway, was detected in the lysates of both E. his-
tolytica (HM-1:IMSS clone 6) and E. dispar (CYNO 16:TPC),
and its activity in E. dispar was 2.87 times greater than in E.
histolytica. By contrast, no 6PG dehydrogenase activity in the
pentose-phosphate pathway was detected in either lysate (S.
Kobayashi, unpubl.). On the other hand, DHA, which has a
growth-promoting effect, is thought to be metabolized to G3P.
through DHAP, which is converted to glyceraldehyde-3-phos-
phate (G3P) by triose phosphate isomerase (EC 5.3.1.1.). Thus,
if viable C. fasciculata actually supplies a growth-promoting
substance like DHA, DHA may be preferable to viable C. fas-
ciculata as a culture ingredient. On the basis of this informa-
tion, we hypothesized the existence of some failure in the up-
stream portion of the glycolytic pathway in E. dispar, before
DHAP or G3P production from glucose in YI-S medium. We,
therefore, attempted to design an axenic culture medium for E.
dispar by modifying the ingredients of YI-S medium, and we
tested its usefulness.

MATERIALS AND METHODS
Reagents

All chemicals used in this study were of the highest quality com-
mercially available unless otherwise stated.

Entamoeba dispar isolates

Five strains of E. dispar were subjected to a trial of axenic cultivation
in this study. Two strains (CYNO 09:TPC and CYNO 16:TPC) from
nonhuman primates were isolated in Japan (Kobayashi et al., 1998) in
Robinson’s medium (Robinson, 1968), and 2 strains (AS 2 IR and AS
16 IR) were isolated from humans in Iran. An E. dispar strain, SAW
1734R clone AR (SAW1734RclAR), was used as the reference strain.
The xenic E. dispar strains were transferred to monoxenic culture me-
dium with viable C. fasciculata and antibiotics (as in the classic ap-
proach Diamond used for E. histolytica, Diamond, 1983) in BI-S-33
medium. The C. fasciculata was then replaced with antibiotic-sensitive
P. aeruginosa in BCSI-S medium because P. aeruginosa is removed
easily by antibiotics and antibiotic-resistant C. fasciculata usually sur-
vive in test medium for axenic culture even after 2-3 subcultures, and
it promotes the growth of E. dispar.

Yeast-iron-gluconic acid-dihydroxyacetone-serum medium

Yeast—iron—gluconic acid—dihydroxyacetone (YIGADHA) broth was
prepared by first dissolving the following ingredients in 880 ml of water
distilled and purified with a Milli-Q column (Millipore Co., Billerica,
Massachusetts): K,HPO, 1 g; KH,PO,, 0.6 g; NaCl, 2.0 g; yeast extract
(BBL, Becton Dickinson Co., Cockeysville, Maryland), 30 g; gluconic
acid, 5.0 g; DHA (Sigma Chemical Co., St. Louis, Missouri), 1.0 g; p-
galacturonic acid monohydrate, 0.2 g; L-cysteine hydrochloride, 1.0 g;
ascorbic acid, 0.2 g; and ferric ammonium citrate (brown), 22.8 mg.

—330—



2 THE JOURNAL OF PARASITOLOGY, VOL. 91, NO. 1, FEBRUARY 2005

The pH was adjusted to 6.5 with 1 N NaOH, and the solution was
sterilized by filtration (Sartorius membrane filter; 0.2-pm pore size). An
88 ml volume of YIGADHA broth was aseptically dispensed into a
100-ml, screw-capped glass bottle and stored at —30 C.

To complete the YIGADHA-serum (YIGADHA-S) medium, 2 ml of
vitamin mixture #18 prepared according to the instructions for PDM-
805 medium (Diamond and Cunnick, 1991), and 16 ml of heat-inacti-
vated bovine serum was aseptically added to 88 ml of the YIGADHA
broth. A 5-m! volume of the complete medium was then dispensed into
13- X 100-mm, screw-capped borosilicate glass culture tubes (Asahi
Techno Glass Co., Chuo-ku, Tokyo, Japan).

Establishment of the culture of Enfamoeba dispar with sterilized
Crithidia fasciculata

After removing P. aeruginosa by washing and addition of antibiotics
(polymyxin B, 130 units/ml), trophozoites of the 5 strains of E. dispar
were transferred to YIGADHA-S medium with sterilized C. fasciculata
(2-3 million/ml, ReF-1:PRR, ATCC no. 50083) by fixation with 10%
(v/v) formalin as described in the literature (Clark, 1995). All 5 strains
of E. dispar adapted to the culture at 35.5 C in the YIGADHA-S me-
dium with the associate within 2 wk after 3—4 whole-medium changes
by centrifugation (275 g, 4 min) and eventually started to grow contin-
uously. When the same growth-promoting effect was later found with
autoclaved C. fasciculata in Hanks’ solution as with the formalin-fixed
C. fasciculata, we switched the method of sterilizing C. fasciculata to
autoclaving (121 C, 15 min) because of its simplicity.

When the amoebae were subcultured, 0.6-0.8 ml of the amoeba sus-
pension (2.5 X 10* to 5 X 10%¥ml) was usually transferred to the fresh
medium, after the cultures were chilled for 5 min in an ice-water bath.
They were then inverted several times to disperse the amoebae. Sub-
cultures were successfully prepared at intervals of 3 and 4 days.

Growth kinetics of the amoebae

At 24-hr intervals for 96 hr, the number of amoebae in 5 pl of the
homogeneous amoeba suspension diluted with known volume of YIG-
ADHA-S medium were counted under a microscope after chilling the
culture tubes for 5 min in an ice-water bath. The data were then con-
verted to number per milliliter.

Zymodeme analysis and polymerase chain reaction

Zymodeme analysis (Sargeaunt, 1988) and polymerase chain reaction
(PCR) analysis (Tachibana et al., 1991; Cheng et al., 1993) of the amoe-~
ba isolates were performed to characterize the amoebae grown in the
axenic culture.

RESULTS

YIGADHA-S medium was designed, and the culture asso-
ciates tested could be removed with no loss of E. dispar via-
bility as a result of searching for the improved basic medium
and condition for axenic cultivation of E. dispar, based on the
casein-free YI-S medium.

YI-S medium was therefore modified as follows. Glucose
was replaced by GA, DHA and p-galacturonic acid monohy-
drate were added because of the significant growth-promoting
effects under the axenic culture conditions, and the medium was
sterilized by filtration and adjusted to pH 6.5 with NaOH.

As a result of these modifications, trophozoites of E. dispar
started to grow continuously in the absence of viable C. fasci-
culata or P. aeruginosa for the first time, although supplemen-
tation with the formalin-fixed organisms was still necessary for
growth.

The growth-promoting ability of C. fasciculata was also
maintained in this YIGADHA-S culture system even after it
was autoclaved (121 C, 15 min) in Hanks’ solution. There was
no difference between the growth-promoting effect of auto-
claved C. fasciculata and of formalin-fixed organisms. Because
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FIGURE 1. Growth kinetics of 5 strains of Entamoeba dispar in the

4-yr passaged cultures in YIGADHA-S medium supplemented with au-
toclaved Crithidia fasciculata. Mean numbers of amoebae in duplicate
cultures are plotted.

the procedure was easier, the amoebae were maintained in the
medium with autoclaved C. fasciculata. The growth kinetics of
the 5 strains of E. dispar in this culture system are shown in
Figure 1.

After 3 mo of maintenance in this culture system, 1 strain of
E. dispar (CYNO 16:TPC) started to grow without any supple-
ment, e.g., without autoclaved C. fasciculata. However, addition
of 6PG (Sigma P-7877, 67 jg/ml), an intermediary metabolite
in the Entner—Doudoroff pathway (Fig. 3), was necessary to
maintain this strain without the autoclaved organisms.

After culturing with autoclaved C. fasciculata for 1 yr and 4
yr, respectively, other E. dispar strains started to grow axeni-
cally in the YIGADHA-S medium without the addition of any
culture associates. The growth kinetics of 5 strains of axenically
grown E. dispar are shown in Figure 2. The clear differences
in growth kinetics between monoxenic culture (Fig. 1) and axe-
nic culture (Fig. 2), except for the CYNO 09:TPC strain, sug-
gest the existence of some other growth-promoting factor in
autoclaved C. fasciculata.

The CYNO 16:TPC and CYNO 09:TPC strains were usually
subcultured by transferring 1 ml of amoeba suspension to fresh
YIGADHA-S medium, and the AS 16 IR, AS 2 IR, and
SAW1734RclAR strains were subcultured by transferring 1 ml
of amoeba suspension concentrated to an adequate density for
subculture (3 X 10* to 6 X 10* amoebae/ml) by centrifugation
275 g, for 4 min).

The zymodemes of the 5 strains grown in both the mono-
xenic and axenic YIGADHA-S media were all judged to be
type I. All 10 DNA samples of the 5 strains used in the PCR
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FIGURE 2. Growth kinetics of 5 strains of axenically grown Ent-

amoeba dispar in 2-yr (CYNO 09: TPC), 3-yr (CYNO 16:TPC), and
2-mo (AS 2 IR, AS 16 IR, and SAW 1734RclAR) passaged cultures in
YIGADHA-S axenic medium. Mean numbers of amoebae in duplicate
cultures are plotted.

analyses described above were amplified with E. dispar—spe-
cific primers alone; the E. histolytica—specific primers did not
elicit any DNA amplification. These findings are summarized
in Table 1.

DISCUSSION

We have previously reported a monoxenic culture system for
E. dispar in BCSI-S medium in which glucose was replaced
with starch and to which sterilized C. fasciculata were added
after heat treatment at 56 C for 30 min followed by incubation
in 1% hydrogen peroxide at 4 C for 24 hr (Kobayashi et al.,
1998). The sterilized parasite appeared to be metabolically in-
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active as judged by the nuclear magnetic resonance spectra.
Although the growth-promoting effect of C. fasciculata was
partially lost as a result of this sterilization step, the minimum
essential effect persisted, which made it possible to establish a
long-term monoxenic culture of E. dispar with metabolically
inactive C. fasciculata. In this study, we succeeded in producing
an axenic culture system of E. dispar by using YIGADHA-
medium designed on the basis of YI-S medium from the mono-
xenic culture of the amoeba with sterilized C. fasciculata.
During attempts to improve the culture system, it was found
that by replacing some kinds of sugar from starch, the growth
of E. dispar was promoted significantly in the BCSI-S mono-
xenic culture system. First, a marginal growth-promoting effect
of fructose was found, although its effect was insufficient for
axenic cultivation of E. dispar, and a more useful compound,
DHA, was used. The concentration (0.1%) of DHA required for
the growth of E. dispar in YIGADHA-S medium was very
critical: DHA concentrations below 0.05% and greater than
0.15% failed to effectively promote the growth of E. dispar.
However, despite the clear effect of DHA and fructose on the
growth of E. dispar, the results of our biochemical assays for
phosphorylation of DHA by DHA kinase, ketohexokinase, and
ketose-1-phosphate aldolase, the enzymes involved in the con-
version of fructose or DHA to DHAP (Fig. 3), showed no sig-
nificant activity of these enzymes in the crude lysates of axenic
E. dispar (CYNO 16:TPC) or E. histolytica (HM-1:IMSS clone

TaBLE I. Zymodeme and PCR analyses of 5 strains of Entamoeba dispar.

Zymodeme* PCRY
Strain Xenic (date) Monoxenic (date) Axenic (daie) Monoxenic Axenic
SAW 1734RclAR Z-I1T% (March 1985) Z-1 (January 2000) Z-1 (February 2003) E. dispar E. dispar
AS 2 IR Z-1 (June 1998) Z-1 (January 2000) Z-1 (February 2003) E. dispar E. dispar
AS 16 IR Z-1 (June 1998) Z-1 (January 2000) Z-1 (February 2003) E. dispar E. dispar
CYNO 09:TPC Z-1 (April 1992) Z-1 (January 2000) Z-1 (February 2003) E. dispar E. dispar
CYNO 16:TPC Z-11I (April 1992) Z-1 (January 2000) Z-1 (February 2003) E. dispar E. dispar

* Zymodemes type I and Il are classified as E. dispar.

T PCR analysis using 2 sets of oligonucleotide primers each (pl1 plus pl2 and pl3 plus pl4, respectively) for amplification of the DNAs of E. histolytica and E.

dispar. The zymodeme and PCR analyses were performed around the same time.

+ Data cited from Mirelman et al. (1986).
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6) (data not shown). The mechanism of growth-promoting ef-
fect of DHA and fructose is not yet understood.

Pimenta et al. (2002) demonstrated an interesting morpho-
logical characteristic of E. dispar by electron microscopy: some
concomitant bacteria cells were free and viable in the cytoplasm
of E. dispar, without being surrounded by a distinct phagosome
membrane. This suggests that some bacterial species can sur-
vive in the cytoplasm and exist in a symbiotic relationship with
E. dispar. If the Entner—Doudoroff pathway does indeed func-
tion in glycolysis in E. dispar, as reported in E. histolytica
under xenic conditions (Hilker and White, 1959), the reactions
upstream in the Embden-Meyerhof-Parnas pathway (Fig. 3) in-
cluding a reaction regulating the transformation of fructose-6-
phosphate to fructose-1,6-bisphosphate or vice versa, usually
catalyzed by 6-phosphofructokinase (6-PFK) and fructose-bis-
phosphatase (EC 3.1.3.11.) and affecting the both the glycolysis
and glycogenesis pathways, may not function well in E. dispar.
The regulatory reactions in E. histolytica are well known to be
regulated by a single unique enzyme (ppi-dependent 6-PFK; EC
2.7.1.90.), and the reaction is reversible and has no apparent
regulatory function (Reeves et al., 1974, 1976).

The clear growth-promoting effect of autoclaved C. fasci-
culata (or P. aeruginosa) indicated that they contain as yet un-
identified heat-stable growth-promoting substances for E. dis-
par. If the substances can be identified, YIGADHA-S medium
will be improved. Further analyses of the axenically grown E.
dispar will enable us to further elucidate the biological prop-
erties of E. dispar that differ from those of pathogenic E. his-
tolytica.

ACKNOWLEDGMENTS

The authors thank Louis S. Diamond, NIH, for supplying the refer-
ence strain of E. dispar (SAW1734RCIAR) and C. fasciculata (ReF-1:
PRR). This work was supported by a Grant-in-Aid for Scientific Re-
search (10670237) from the Ministry of Education of Japan, and also
by a Grant-in-Aid from the Ministry of Health, Labor and Welfare of
Japan.

LITERATURE CITED

CHENG, X.-J., H. TAcHIBANA, S. KoBAYAsHI, Y. KANEDA, AND M.-Y.
HUANG. 1993. Pathogenicity of Entamoeba histolytica isolates from
Shanghai, China. Parasitology Research 79: 608—610.

CLARK, C. G. 1995. Axenic cultivation of Entamoeba dispar Brumpt
1925, Entamoeba insolita Geiman and Wichterman 1937 and Ent-
amoeba ranarum Grassi 1879. Journal of Eukaryotic Microbiology
42: 590-593.

DiamonD, L. S. 1983. Lumen-dwelling protozoa: Entamoeba, tricho-

monads and Giardia. In In vitro cultivation of protozoan parasites,

J. B. Jensen (ed.). CRC press, Boca Raton, Florida, p. 65-109.

, C. G. CLARK, AND C. C. CuNNICK. 1995. YI-S, a casein-free

medium for axenic cultivation of Entamoeba histolytica, related

Entamoceba, Giardia intestinalis and Trichomonas vaginalis. Jour-

nal of Eukaryotic Microbiology 42: 277-278.

, AND C. C. CunnNICK. 1991. A serum-free, partly defined medi-

um, PDM-805, for axenic cultivation of Entamoeba histolytica

Schaudinn, 1903 and other Entamoeba. Journal of Protozoology

38: 211-216.

, D. E HarrLow, anD C. C. Cunnick. 1978. A new medium for
the axenic cultivation of Entamoeba histolytica and other Ent-
amoeba. Transactions ot Royal Society of Tropical Medicine and
Hygiene 72: 431-432.

GOTTSCHALK, G., AND R. BENDER. 1982. D-Gluconate dehydratase from
Clostridium pasteurianum, Vol. 90. In Methods in enzymology, W.
A. Wood (ed.). Academic Press, New York, p. 283-287.

HILKER, D. M., AND A. G. C. WHITE. 1959. Some aspects of the car-
bohydrate metabolism of Entamoeba histolytica. Experimental Par-
asitology 8: 539-548.

KoBavyasHl, S., E. IMAL, H. TAcHIBANA, T. FulwARA, AND T. TAKEUCHI.
1998. Entamoeba dispar: Cultivation with sterilized Crithidia fas-
ciculata. Journal of Eukaryotic Microbiology 45: 35-8S.

MIRELMAN, D., R. BRACHA, A. WEXLER, AND A. CHAYEN. 1986. Changes
in isoenzyme patterns of a cloned culture of nonpathogenic Ent-
amoeba histolytica during axenization. Infection and Immunity 54:
827-832.

NgGuyen, L. K., AND N. L. ScHILLER. 1989. Identification of a slime
exopolysaccharide depolymerase in mucoid strains of Pseudomo-
nas aeruginosa. Current Microbiology 18: 323-329.

PiMENTA, P E, L. S. DIAMOND, AND D. MIRELMAN. 2002. Entamoeba
histolytica Shaudinn, 1903 and Entamoeba dispar Brumpt, 1925:
Differences in their cell surfaces and in the bacteria-containing vac-
uoles. Journal of Eukaryotic Microbiology 49: 209-219.

REEVES, R. E. 1972. Carbohydrate metabolism in Entamoeba histolyti-
ca. In Comparative biochemistry of parasites, H. Van den Bossche
(ed.). Academic Press, New York, p. 351-358.

, R. SERRANO, AND D. J. SoutH. 1976. 6-Phosphofructokinase

(pyrophosphate) properties of the enzyme from Entamoeba histo-

Iytica and its reaction mechanism. Journal of Biological Chemistry

251: 2958-2962.

, D. J. Soutn, H. J. BLyTTi, AND L. G. WARREN. 1974. Pyro-
phosphate: D-fructose 6-phosphate 1-phosphotransferase. A new
enzyme with the glycolytic function of 6-phosphofructokinase.
Journal of Biological Chemistry 249: 7737-7741.

RoBINSON, G. L. 1968. The laboratory diagnosis of human parasitic
amoebae. Transactions of Royal Society of Tropical Medicine and
Hygiene 62: 285-294.

SARGEAUNT, P. G. 1988. Zymodemes of Entamoeba histolytica. In Am-
ebiasis: Human infection by Entamoeba histolytica, J. 1. Radvin
(ed.). John Wiley and Sons, Inc., New York, p. 370-387.

TacHiBANA, H., S. KoBayasHi, M. TAKEKOSHI, AND S. IHARA. 1991.
Distinguishing pathogenic isolates of Entamoeba histolytica by
polymerase chain reaction. Journal of Infectious Diseases 164:
825-826.

—333—



MABRBOFITICET 5 —ER

RREKH XA b FekEEH BE |R—-2 WK

Kawakami K. Promising Immunotherapy with Thi-related J. Infect. 9 201-209 |2003
cytokines against infectious diseases. Chemother.

Uezu K, Kawakami K,|Accumulation of gamma/delta T cells in the J. Immunol. 172 {7629-7634|2004

Miyagi K, Kinjo Y, {lungs and their regulatory roles in Th1 response

Kinjo T, Ishikawa H, |and host defense against pulmonary infection

Saito A. with Cryptococcus neoformans .

Kawakami K. Regulation of innate immune T lymphocytes in  [Japn. J. Infect. 157  |137-145 (2004
the host defense against pulmonary infection with|Dis.
Cryptococcus neoformans .

Miyagi K, Kawakami [CpG-oligodeoxynucleotides promote the host Clin. Exp. 140 [220-229 {2005

K, Kinjo Y, Uezu K, |protective response against infection with Immunol.

Kinjo T, Nakamura K, | Cryptococcus neoformans through induction of

Saito A. interferon-gamma production by CD4+ T cells.

Nakamura K, Miyagi |Limited contribution of Toll-like receptor (TLR)2|FEMS Immunol. 2006

K, Koguchi Y, Kinjo [and TLR4 to the host defense response to a Med. Microbiol. in

Y, Uezu K, Kinjo T, |fungal infectious pathogen, Cryptococcus press.

Akamine M, Fujita J,
Kawamura 1,
Mitsuyama M, Adachi
Y, Ohno N, Takeda K,
Akira S, Miyazato A,
Kaku M, KawakamiK.

neoformans .

—335—




