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Members of the genus Acanthamoeba, amphizoic protozoan parasites, are causative agents of granulomatous
amoebic encephalitis and amoebic keratitis. Proteinases play a role in various biologic actions in Acanthamoeba,
including host tissue destruction, pathogenesis, and digestion of phagocytosed food. Interestingly, we found that
encystation of Acanthamoeba was inhibited by the serine proteinase inhibitor phenylmethanesulfonyl fluoride. In
this study, we characterize a serine proteinase that is involved in mediating the encystation of Acanthamoeba. This
encystation-mediating serine proteinase (EMSP) is shown to be highly expressed during encystation by real-time
PCR and Western blot analysis. Chemically synthesized small interfering RNA against EMSP inhibited the
expression of EMSP mRNA and significantly reduced the encystation efficiency of Acanthamoeba. An EMSP-
enhanced green fluorescent protein fusion protein localized to vesicle-like structures within the amoeba. Using
LysoTracker analysis, these vesicular structures were confirmed to be lysosomes. After incubation of the transfected
amoeba in encystment media, small fluorescent vesicle-like structures gathered and formed ball-like structures,
which were identified as colocalizing with the autophagosome. Taken together, these results indicate that EMSP

plays an important role in the differentiation of Acanthamoeba by promoting autolysis.

Acanthamoeba is an opportunistic pathogen responsible for
several diseases in humans, such as granulomatous amoebic
encephalitis and amoebic keratitis (16). Acanthamoeba exists
in two stages, trophozoite and cyst forms. Trophozoites dem-
onstrate movement, phagocytosis, metabolism, and cell divi-
sion (11). This form becomes a cellulose-walled cyst by a
process called encystation that occurs under unfavorable con-
ditions such as desiccation, starvation, hyperosmolarity, or ex-
treme temperature (5). Encystation is one of the survival strat-
egies employed by the parasite to protect against the host
immune response or chemical treatments (17). Because the
cyst wall protects the parasite against harmful conditions, as
well as against most antibiotics, it makes the treatment of this
infection more difficult. Thus, disrupting the encystation pro-
cess is essential to reducing the transmission of the disease and
is a potential target for drug development.

Recently, encystation-mediating factors have been investi-
gated intensively in an effort to discover the encystation mech-
anism of protozoan parasites. The cyst wall proteins 1, 2, and
3 of Giardia intestinalis (6, 26, 28), regulated in development A
and B proteins (red A and red B) of Physarum polycephalum
(1), and the lactate dehydrogenase and enolase of Toxoplasma
gondii (7) have all been reported to mediate encystment. In the
case of Acanthamoeba, only the cyst-specific protein 21 (4, 8)
has been reported to function in encystation. Investigations of
encystation-related gene profiles have identified xylose isomer-
ase, Na P-type ATPase, and subtilisin-like serine proteinase
genes as having increased expression during encystation of
Acanthamoeba, compared to the trophozoite forms (19).
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Proteases from various protozoan parasites have been charac-
terized at the molecular and cellular levels, and the roles these
enzymes play are now coming into focus (13). Central roles have
been proposed for proteases in diverse processes such as host cell
invasion and egress, encystation, excystation, catabolism of host
proteins, differentiation, cell cycle progression, cytoadherence,
and both stimulation and evasion of the host immune responses
(13). Until now, the proteinases of Acanthamoeba have been
shown to be involved primarily in pathogenesis or phagocytosis (9,
10, 12, 18, 24). However, little is known about the role of pro-
teinases during the encystation of Acanthamoeba.

In this study, we demonstrate a role for proteinases during
encystation of Acanthamoeba. We identified and characterized
a serine proteinase as an encystation-mediated proteinase.
Studies of this proteinase may serve to broaden our under-
standing of the encystation mechanism of Acanthamoeba.

MATERIALS AND METHODS

Amoeba cultivation and induction of encystation. Two strains of Acan-
thamoeba obtained from the American Type Culture Collection (ATCC), A.
castellanii strain Castellani (ATCC 30011; genotype T,), from contaminated
eukaryotic cell culture, and A. healyi OC-3A (ATCC 30866; genotype T,,), from
the brain of a granulomatous amoebic encephalitis patient, were used in this
study. They were cultured axenically in PYG (peptone-yeast-glucose) medium at
25°C in an incubator (Sanyo, San Diego, CA). Encystment was induced by the
procedure of Bowers and Korn (3).

Zymogram analysis. Protease activity in the trophozoites and cysts was deter-
mined using gelatin substrate gel electrophoresis. Culture media and cell lysates
of A. castellanii were subjected to 11% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis with 0.1% gelatin at 4°C. After electrophoresis, gels were
washed with agitation for 60 min at room temperature with 2.5% Triton X-100
and incubated overnight at 37°C in 0.1 M Tris-HCI buffer (pH 7.6). The gel was
then stained with Coomassie blue. To check the inhibition of the proteolytic
activity of A. castellanii, 10 uM trans-epoxysuccinyl-L-leucylamido(4-guanidin-
)butane (E64) or 1 mM phenylmethanesulfonyl fluoride (PMSF) was added
(Sigma, St. Louis, MO).

Real-time PCR. Total RNA was purified using Trizol reagent (Gibco BRL,
Rockville, MD), and cDNA synthesis was conducted using a RevertAid first-strand
cDNA synthesis kit (Fermentas, Hanover, IN). Real-time PCR (RT-PCR) was
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TABLE 1. Primer sequences for RT-PCR of proteinases

Organism Proteinase used for identification”

Primer sequence

Sense Antisense

A. castellanii  Cysteine proteinase

Serine-type endopeptidase

Peptidase M28

Aspartyl aminopeptidase-like protein
Subtilisin-like serine proteinase

18S rDNA

A. healyi Subtilisin-like serine proteinase

5'-CCGAGCAGAACCTCATCGATT
5'-GAAGGCGCTCACCGAATACAT
5'-TCGGTATCGTGACGGACTACGT
5'-ACCATCGACATCGGTTTGC
5'-CAACAAGATGCTCTACACGCC
5'-TCCAAT TTTCTGCCACCGAA
5'-TCAAGGTGCTCGGATGCAAT

5'-CCATGCCCTTGTTGTTGATGAT
5'-GGTTCGTCATCTGCTGATAGCC
5'-TAGCCGCACTTGGTGTTCTTG
5'-TGAAGTCGGAGTAGAAGGCCTT
5'-CGTAATCGGAGCCATCCAACA
5'-ATCATTACCCTAGTCCTCGCGC
5'-ATGTTAGCCACAGACTGCGTC

“ rDNA, ribosomal DNA.

performed with the GeneAmp 5700 sequence detection system (Biosystems, Barce-
lona, Spain), using the default thermocycler program for all genes: 10 min of pre-
incubation at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Individual
reactions were carried out in 20-ul volumes in a 96-well plate containing 1X buffer,
3.5 mM MgCl,, 0.2 mM deoxynucleoside triphosphates, different concentrations of
sense and antisense primers (Table 1), 0.025 U/ul enzyme, and Sybr green. All
reaction mixtures were made using Sybr Premix Ex Taq (Takara, Otsu, Shiga,
Japan). 18S ribosomal DNA was used for the reference gene.

Western blotting. For production of the antibody against the encystation-
mediating serine proteinase (EMSP), the GST gene fusion system was utilized
(Amersham Biosciences, Buckinghamshire, England). The PCR product of the
full-length EMSP of A. castellanii was ligated into the pGEX 4T-2 expression
vector. Purified recombinant serine proteinase (>100 pg) was subcutaneously
injected into 6-week-old SD rats (Bionics, Seoul, South Korea). Blood samples
were collected from the rats before administering boosters, to monitor antibody
production. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and im-
munoblotting were performed as described previously (15).

Transient transfection. To investigate the intracellular localization of EMSP,
the gene was cloned into the pUb vector with an enhanced green fluorescent
protein (EGFP) as a marker (14). This plasmid was then transfected into live
cells of A. healyi and A. castellanii. These strains were grown to mid-log phase,
washed with phosphate-buffered saline, and then resuspended in PYG culture
medium. Approximately 4 X 10° cells per well were seeded into a six-well culture
plate in 3 ml of PYG medium and incubated overnight at 25°C. Transient
transfection was performed by SuperFect transfection reagent (Qiagen, Hilden,
Germany) as previously described (14).

Gene silencing methodology. The small interfering RNA (siRNA) targeting
the EMSP gene of A. healyi was synthesized by Sigma-Proligo (Boulder, CO),
based on the cDNA sequence. The siRNA duplex with sense (5'-AGGAUCAG
AACGCCUGUAAJTAT) and antisense (5'-UUACAGGCGUUCUGAUCCU
dTdT) sequences was used. The siRNA (4 ng) was added to A. healyi tropho-
zoites at a density of 4 X 10° cells. As a control, siRNA with a scrambled
sequence absent in Acanthamoeba was used.

Microscopy. Amoebae expressing EGFP were selected and allowed to adhere
to a cell culture dish (BD Falcon). The cells were observed using an Olympus
IX70 fluorescent microscope with a cooled charge-coupled-device camera
(Roper Scientific, Tucson, AZ). EGFP fluorescence was achieved with a 500- to
530-nm band-pass filter. Images and time lapse photographs were acquired and
analyzed through the Metamorph imaging system (Universal Imaging Corp.,
Downingtown, PA).

Transmission electron microscopy. The cell suspensions were centrifuged for
10 min at 2,000 rpm and the sediments washed three times in cold phosphate-
buffered saline. The sediments were prefixed with 4% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.2 to 7.4) for 2 h. After rinsing with 0.1 M cacodylate
buffer, the sediments were postfixed with 1% osmium tetraoxide for 3 h, rinsed
twice with 0.1 M maleate buffer (pH 5.2), dehydrated with ethyl alcohol, treated
with propylene oxide-resin (1:1 dilution) overnight with continuous shaking, and
then embedded in resin and incubated overnight at 60°C. Ultrathin sections cut
on a Reichert-Jung ultramicrotome were stained with uranyl acetate and lead
citrate. The sections were observed under a transmission electron microscope
(H-7000; Hitachi, Tokyo, Japan).

RESULTS

Proteolytic activity during Acanthamoeba encystation. To
compare the patterns of total proteolytic activity during encys-

tation, gelatin zymograms were conducted with the cultured
media of trophozoites and the cell lysate of trophozoite or cyst
stages. Many new proteolytic bands appeared during encysta-
tion compared to the trophozoite stage (Fig. 1A). Almost all
proteolytic activity induced by encystation was completely in-
hibited by the serine protease inhibitor PMSF (Fig. 1B). To
examine the effects of proteinase activity on cyst formation,
cysteine proteinase inhibitor (E64) or serine proteinase inhib-
itor (PMSF) was added to trophozoites in encystment media.
While E64 did not demonstrate any effect on the formation of
mature cysts (Fig. 2A), PMSF reduced the number of mature
cysts in a dose-dependent manner (Fig. 2B).

EMSP expression pattern during encystation. To identify
the serine proteinase associated with encystation of Acan-
thamoeba, we screened expressed sequence tag (EST) data of
encysted Acanthamoeba (20). Five kinds of proteinases were
identified in cyst cDNA library ESTs. These included a cys-
teine proteinase, a serine-type endopeptidase, peptidase M28,
an aspartyl aminopeptidase-like protein, and a subtilisin-like
serine proteinase. To compare the mRNA expression level of
each of these proteinases during encystation, we conducted
RT-PCR (Fig. 3) during encystations. The expression levels of
the cysteine proteinase, the serine-type endopeptidase, pepti-
dase M28, and the aspartyl aminopeptidase-like protein were
similar or lower than those measured at the trophozoite stage
(Fig. 3A to D). However, the expression of the serine protein-
ase was highly induced during encystation (Fig. 3E). We
named this gene EMSP. The EMSP of A4. healyi also showed an
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FIG. 1. Gelatin zymogram analysis comparing the proteinase activ-
ities during encystation. The patterns of total proteolytic activity within
culture media (CM), trophozoite (T), and cyst cell lysates (Day 1 [1D],
2D, 3D, and 4D) were compared by gelatin zymogram analysis (A).
Arrows indicate new proteolytic bands that appear during encystation.
Almost all proteolytic activity, induced by encystations, was inhibited
by the serine protease inhibitor PMSF (B).
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FIG. 2. The effect of proteinase activity on encystation. E64 (cys-
teine proteinase inhibitor) did not affect the formation of mature cyst
(A). PMSF (serine proteinase inhibitor) reduced the number of ma-
ture cysts in a dose-dependent manner (B). The experiments were
repeated three times, and the average values are presented with error
bars representing standard deviations. *, means are significantly dif-
ferent at a P value of <0.05 by Student’s ¢ test.

increased expression during encystation compared to during
the trophozoite stage (Fig. 3F).

EMSP genes of A. castellanii and A. healyi. We identified the
full-length open reading frame of this serine proteinase in A.
castellanii (GenBank accession no. EU365402) and A. healyi
(GenBank accession no. EU365404) by rapid amplification of
c¢DNA ends PCR. Based on homology searches, the deduced
amino acid sequences of the EMSP cDNAs of A. castellanii
and A. healyi showed 77% and 78% similarities, respectively,
with subtilisin-like serine proteinase. The phylogenetic tree
with other subtilases, including prokaryotic, extracellular, in-
tracellular fungal, and eukaryotic subtilases, indicated that
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FIG. 3. Proteinase mRNA expression levels as measured by RT-
PCR. The cysteine proteinase, serine-type endopeptidase, peptidase
M28, and aspartyl aminopeptidase-like protein all showed similar or
lowered mRNA expression levels during encystation (A to D). The
serine proteinases of A. castellanii and A. healyi were highly expressed
during encystation (E and F). *, means are significantly different at a
P value of <0.05 by Student’s ¢ test.
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FIG. 4. Western blot analysis of the polyclonal antibody prepared
against a recombinant PMSF protein. The mature form of EMSP was
detected as a 33-kDa band during encystation (Day 1 [1D], 2D, 3D,
and 4D).

EMSP belonged to the serine protease family subtilisin group
(data not shown). Western blot analysis using antibodies
against recombinant EMSP of A. healyi showed higher expres-
sion levels of the proteinase in encysting cells than to tropho-
zoites (Fig. 4). The mature form of EMSP was detected as a
band of about 33 kDa.

Effect of the EMSP gene on the encystation. To confirm the
role of EMSP during encystation of Acanthamoeba, gene si-
lencing via siRNA was performed. As indicated by fluores-
cence-activated cell sorter analysis, 99% of the amoebae were
determined to have been transfected. In siRNA-transfected
cells, EMSP was not expressed at a higher level than that
measured in trophozoites by RT-PCR (Fig. 5). Furthermore,
the formation of mature cysts was almost completely inhibited
in EMSP siRNA-transfected cells (Fig. 6).

Intracellular localization of EMSP during encystation. The
amoebae expressing an EMSP-EGFP fusion protein showed
fluorescent vesicle-like structures (Fig. 7A) distributed in the
cytoplasm of trophozoites and that colocalized with the lyso-
some stain LysoTracker red DND-99 (Fig. 7B). In contrast, the
fluorescence of EGFP alone showed dispersed distribution in
the cytoplasm (Fig. 7C). When transfected amoebae were
transferred to encystment media, the small fluorescent vesicles
gathered together and formed ball-like structures within 24 h
(Fig. 8A). These ball-like structures (green) were colocalized
with the autophagosome marker, LysoTracker (red) (Fig. 8B)
(2, 22). We propose that these structures are likely the auto-
phagosome. The fluorescence of EGFP alone showed dis-
persed distribution in the cytoplasm during encystation (Fig.
8C). The 65-h encystment cells were observed with electron

Relative mRNA levels
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FIG. 5. RT-PCR after transfection with EMSP siRNA. After trans-
fection, cells were transferred to encystment media and gathered dur-
ing encystation from 0 to 3 days. RT-PCR analysis demonstrates that
EMSP levels of the trophozoite and cyst forms were similar. The
means are not significantly different at a P value of <0.05 by Student’s
t test.
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FIG. 6. Inhibition of encystation by EMSP siRNA. Cells trans-
fected with SuperFect transfection reagent, nonspecific negative
siRNA, or EMSP siRNA were incubated in encystment media for 4
days, and the numbers of mature cysts were scored. The formation of
mature cysts was almost completely inhibited in EMSP siRNA-trans-
fected cells.

microscopy (Fig. 9). In the control cells, there were large vacu-
oles that include digested cytoplasmic contents (Fig. 9A).
However, EMSP siRNA-transfected cells showed large vacu-
oles containing undigested mitochondria and cytoplasmic ma-
terials within the autophagosome (Fig. 9B).

DISCUSSION

In our previous report, EST data of the encysting Acan-
thamoeba identified three copies of subtilisin-like serine pro-
teinases (20). Using differentially expressed gene (DEG)
screening, comparing trophozoite and cyst stages, we also iden-
tified DEG14, which showed a 77% similarity to subtilisin-like
serine proteinases (19). DEG14 was found to be identical to
EMSP by sequence analysis. It is possible that the common

A A castellanii
'._.1 %% ]

EMSP LysoTracker

Merged

C  A. castellanii

FIG. 7. Transfection of pUbEMSPg for the intracellular localiza-
tion of EMSP. The localization of the EMSP-EGFP fusion protein
showed fluorescent vesicle-like structures distributed within the cyto-
plasm (A). Expressed EMSP-EGFP fusion proteins (green signal)
completely overlapped with lysosomes stained with LysoTracker red
DND-99 (red signal) in A. castellanii (panel B, top) and A. healyi
(panel B, bottom). Amoebae with the fluorescence of EGFP alone
showed dispersed distribution in the cytoplasm (C). Bar = 10 pum.

EUKARYOT. CELL

A A. castellanii

A. healyi

EMSP LysoTracker Merged

A. healyi

C  A. castellanii

FIG. 8. Localization of EMSP during encystation. After transfec-
tion of plasmid encoding the EMSP-EGFP fusion protein, cells were
transferred to encystment media and incubated for 24 to 48 h. Small
fluorescent vesicle-like structures gathered and formed ball-like struc-
tures (A). These ball-like structures (green signal) colocalized with
LysoTracker red DND-99 staining in A. castellanii (panel B, top) and
A. healyi (panel B, bottom). Amoebae with the fluorescence of EGFP
alone showed dispersed distribution in the cytoplasm during encysta-
tion (C). Bar = 10 pm.

expression of EMSP during encystation indicates an important
role of this proteinase during encystation of Acanthamoeba.

Most research on the role of proteolytic enzymes in parasitic
protozoa, including Acanthamoeba, was focused on pathogen-
esis and phagocytosis. Recently, the roles of proteases during
differentiation, including encystation and excystation, were
confirmed. The encystation-specific cysteine proteinase of
Giardia lamblia was shown to be required for cyst wall forma-
tion (28). In Entamoeba invadens, specific cysteine proteinase
inhibitors significantly reduced the efficiency of encystation
(25). In filamentous fungi, the subtilisin-like serine protease of
Podospora anserina (PSPA) was shown to be induced during
the vegetative incompatibility reaction (23).

Most subtilases have been reported to be secretory enzymes
with roles during pathogenesis (10, 21), with the exception of
PSPA, and protease B of S. cerevisiae has been associated with
the autophagosome (23, 27). The result of phylogenetic anal-
ysis of 11 subtilisin sequences also supported the intracellular
localization of PSPA. Protease B is also a vacuolar protease
involved in autophagy (27). The phylogenetic tree (data not
shown) indicated that EMSP formed a clade with a serine
proteinase of A. healyi, a reported secretory enzyme and pos-
sible virulence factor (10). Based on the intracellular localiza-
tion and trafficking of EMSP during encystation, EMSP may be
associated with autolysis functions during the process of mo-
lecular recycling.

Electron microscopic results supplemented the evidence for
EMSP being an autophagosomal enzyme. Transmission elec-
tron microscopy analysis of EMSP siRNA-treated amoebae
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FIG. 9. The morphology of the autophagosome after transfection
of EMSP specific siRNA. Control cells and cells transfected with
EMSP siRNA were fixed after 65 h of incubation in encystment media.
As shown in panel A, autophagosome in mature cyst digested almost
all of the cytoplasmic contents. siRNA-transfected cells showed undi-
gested cytoplasmic materials and organelles within the autophagosome
(B). Arrows, autophagosome; bar, 10 pwm.

revealed the defects in substance degradation and autophagy
maturation during encystation. However, further study will be
necessary to confirm this premise.

Furthering our understanding of the molecular mechanisms
required during encystation may provide important targets for
drug development that prevents cyst formation in pathogenic
protozoa. As demonstrated in this study, many new proteolytic
bands appear during encystation. A detailed investigation on
these proteolytic bands may identify other factors mediating
encystation of Acanthamoeba. Based on our results, it is pos-
sible that inhibition of EMSP may improve the therapeutic
efficacy of amoebicidal drugs by interrupting encystation of
Acanthamoeba.
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