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Abstract

Peroxiredoxin of the pathogenic parasite, Entamoeba histofyvtica. is thought to be involved in protection from oxidative attack by host
phagocytic cells and endogenously generated hydrogen peroxide. In this study, we cloned peroxiredoxin genes from the nonpathogenic
ameba, Entamoeba moshkovskil, and characterized the peroxiredoxin protein. The open reading frame of three cloned cDNAs was demonstrated
to encode a polypeptide of 218 or 217 amino acids. Identity of the amino acid sequence of peroxiredoxins between £, moskkovskii and E.
histolytica was considerably high (77-81%). but the N-terminus portion of E. moshkovskii peroxiredoxin was shorter than that of £, hisrolytica.
A recombinant peroxiredoxin of E. moshkovskii expressed in Escherichia coli exhibited hydrogen peroxidase activity. Its K, and Viny, values of
35 uM and 0.07 p.mol/min/mg protein were approximately | and 1.5 times greater than E. histolytica peroxiredoxin, respectively. [n addition,
the protective eltect of E. moshkovskii peroxiredoxin against oxidative-nicking of supercoiled plasmid DNA was shown to be greater than
that of’ E. histolvtica peroxiredoxin. Confocal laser scanning microscopy, using polycional antibody against the recombinant E. moshkovskii
peroxiredoxin, demonstrated that this protein was localized in the nucleus and cytoplasm of trophozoites, supporting its function as a protectant
against DNA damage. Southern biot and real-time reverse transcription PCR analyses of the E. moshkovskii peroxiredoxin gene demonstrated
that it was a multi-copy gene and its expression was comparable to that of £ fuistolvtica. These results suggest that the antioxidant peroxiredoxin
is important for protection against endogenously generated hydrogen peroxide in the nonpalhogemc ameba.
© 2004 Elsevier B.V. All rights reserved.

Keywaords: Antioxidant; Peroxiredoxin; Entampeba moshkovskit: Entanoeba hisiolytiva

1. Introduction

It has been proposed recently that peroxiredoxin (Prx) is
an antioxidant enzyme family that includes thioredoxin per-

Abbreviations: DTT, dithiothreitel; HRP, horseradish peroxidase: MCQO.
metal-ion-catalyzed oxidation: ORF. open veading frame: PBS, phosphate-
buffered saline: Prx, peroxiredoxin; SDS-PAGE. sodium dodecyl-sulfate
polyduy!.:mjde gel electrophoresis

T Note: Nucleotide sequence data reported in this paper are available in
the DDBJ, EMBL. and GenBank' databases under the accession numbers
AB178086. AB178087, and AB 178088,
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oxidase and alkyl hydroperoxidase {1]. The protein is ubiqui-
tously distributed in a variety of prokaryotic and eukaryotic
species, and has been implicated in a wide variety of cel-
lular processes including proliferation, differentiation, and
the immune response as well as the detoxification of per-
oxides {2-6]. Two-Cys Prx and |-Cys Prx can be distin-
guished by the occurrence of one or two redox active site VCP
motifs.

The genes coding 2-Cys Prx of the protozoan parasite,
Entamocba histolytica, a causative agent of human amebi-
asis, have been cloned in several laboratories [7-10]. The
antioxidant activity of Prx, such as an elimination of H20z,
has been confirmed in both native and recombinant pro-
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teins [11,12]. Since there is no detectable catalase in E. his-
tolytica, \he E. histolvtica Prx is considered to be impor-
tant for protection from oxidative attack by activated host
phagocytic celis during the ameba’s invasion into host tis-
sue and also to be important for protection against its own
metabolically produced H205. The main difference in Prx
between E. histolytica and other family members is an ex-
tended cysteine-rich N-terminal region present in E. his-
tolytica. Interestingly, it has been demonstrated that a trun-
cated form of E. histolytica Prx with a deletion of the
cysteine-rich N-terminus region, showed a decreased level
of H02 elimination compared with the native form [11].
Homologues of the E. histolytica Prx gene have also been
cloned from the noninvasive parasitic ameba, Entamoeba
dispas; which is morphologically indistinguishable from E.
histolytica [13). E. dispar Prx contains insertions of one,
two or three repeats of YC(C/K)KE in the cysteine-rich N-
terminus as compared to E. fistolytica, although the role of
these insertions has not yet been clarified. Difficulties en-
countered in the axenic cullivation of E. dispar may limit
the comparative analysis of native Prx in nonpathogenic
ameba.

Entamoeba moshkovskii is also morphologically indistin-
guishable from E. histolytica and E. dispar, but is usually
isolated from the sediments of sewage-polluted waters [14].
One of the E. moshkovskii strains, Laredo, isolated from a
human, was cullured successfully in the axenic medium de-
veloped for E. histolytica [15,16). When E. moshkovskii ge-
nomic DNA was PCR amplified by primer pairs for E. his-
tolytica Prx gene, some pairs were successfully used to yield
PCR products, indicating that Prx gene is present in the non-
pathogenic ameba but its sequence is not fully matched to
that in E. histolytica {8]. As a step towards clarifying the
biological significance of Prx in both pathogenic and non-
pathogenic Entamoeba, we performed the molecular cloning
and characterization of the E. moshkovskii Prx. Expression
level, enzyme activity, and localization of the E. moshkovskii
Prx were examined and compared with the Prx of E. his-
tolytica. Uncovering the molecular characterization of Prxs
in both pathogenic and nonpathogenic Entamoeba will ulti-
mately allow us to sort out the functional significance of the
molecules.

2. Materials and methods
2.1. Cultivgrion of parasites

Trophozoites of E. moshkovskii Laredo and E. histolytica
HM-1:IMSS were axenically cultured in BI-$-33 medium
[17] supplemented with 10% adult bovine serum at 25 and
37 °C, respectively. Trophozoites were harvested in the log-
arithmic phase of growth and were used in the following
experiments.

2.2. Construction of the cDNA library and cloning of the
Prx gene

Poly(A} RNA of E. moshkovskii trophozoites was isolated
by the QuickPrep mRNA purification kit (Amersham). A
cDNA library of E. moshkovskii was constructed from 3 pug
of poly(A) RNA using a cDNA synthesis kit (Amersham)
and a Agtl1 vector kit (Stratagene). The library was screened
with a 352-bp probe using the Gene Images AlkPhos Direct
Labeling and Detection System (Amersham). The probe was
prepared from genomic DNA by PCR amplification using
primers pl (5'-TAAAGCACCAGCATATTGTC-3') and p3
(5'-GATGACATATCCTCTTCTTG-3) which were derived
from Prx gene of E. histolytica, as previously reported [8].
Positive clones were subcloned into 2 pUC19 vector and then
sequenced. To extend the sequence of the 5 end, rapid am-
plification of the cDNA end was performed with a 5'-Full
RACE Core Set (Takara).

2.3. Southern and Northern blots analyses

Genomic DNA was isolated from E. moshkovskii tropho-
zoites as described previously [8]. Three micrograms of
the genomic DNA were digested with restriction enzymes
including Rsal, Mspl, HindlIl and Hinfl. The fragments
were separated on a 1% agarose gel, transferred to Hy-
bond N* membrane (Amersham) by capillary action, and
fixed by alkali-denaturation. The membrane was hybridized
at 55°C in a buffer containing the Gene Images AlkPhos
Direct-labeled probe (Amersham) that was prepared by
PCR amplification of a cloned ¢DNA using EHM30-
18 (5-GTATTGTTGTTTTATCCATT-3') and EHM30-2AS
(5'-CTTCCAATTCCATCATCATT-3') as the primers. The
membrane was treated with CDP-star detection reagent
(Amersham) and then exposed 10 autoradiography films to
detect the blots. Poly(A) RNA of E. histolytica tropho-
zoiies was also isolated by the QuickPrep mRNA purifica-
tion kit. Three g each of E. moshkovskii and E. histolytica
poly(A) RNA were electrophoresed on a 1.2% formaldehyde-
containing agarose gel. Blouting and hybridization were per-
formed as described above. PCR products, prepared from
a previously cloned ¢DNA coding E. histolytica Prx us-
ing primers EHM30-1S and EHM30-2AS, were also used
as probes. The amino acid sequence deduced from the nu-
cleotide sequence of the cDNA was identical to that of the E,
histolytica Prx reported by Bruchhaus and Tannich [10].

2.4. Real-time reverse transeription PCR analysis

Total RNAs of E. moshkovskii and E. histolytica tropho-
zoites were isolated using RNeasy mini kit (Qiagen) and
used for cDNA synthesis in a GeneAmp RNA PCR kit (Ap-
plied Biosystems). A reaction mixture containing SYBR
Premix Ex Tag (Takara), specific primers, and the ¢D-
NAs, was used for quantitative reai-time PCR apalysis.
The primer pairs used were as follows; EmhPrx-S306 (5'-
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TTGTCATCAAGCATGGTGTG-3') and EmhPrx-AS518
(5"-GTTGATCTTCCAATTCCATCA-3) for Prx genes, and
EhmAct-82 (5'-TTATGAAGGATTCTCACTTCC-3') and
EhmAct-AS2 (5-TATCTCTGACAATTTCTCTTTC-3) for
actin genes. Forty cycles of amplification and the record
of fuorescence intensity in each cycle were performed by
the ABI PRISM 7700 Sequence Detection System (Applied
Biosystems). Alter initial denataration at 95 °C for 10s, a
shuttle PCR protocol consisting of denaturation at 95 *C for
5s and anncaling-extension at 60°C for 30s was applied.
PCR end products were subjected to agarose gel electrophore-
sis to test the specificity ol each amplification. Retative quan-
titation of cdata from the ABI PRISM 7700 Sequence De-

~ tection System software version 1.7 was performed by the
comparative Ct method using actin genes as internal stan-
dards, Experiments including the culturing of trophozoites
and isolation of RNA were repeated three times.

2.5. Expression and purification of recombinant Prxs

One of the cloned cDNAs cncoding E. moshkovskii
Prx was amplified by PCR. A recognition site for Ndel
was added to the forward primer (5'-CCCATATGA-
GTTGCACAAAACAATGTTG-3) and a recognition
site for BamHI was added to the reverse primer (5'-
CCGGATCCAATTAATGAGAAGATAAATACT-Y). After
digestion with these restriction enzymes, the DNA fragment
was ligated wilth expression vector pET19b (Novagen)
and introduced into Escherichin coli BL2I(DE3)pLysS
by transformation. The expression of recombinant Prx
tagged with histidine residues was induced with 1 mM
isopropyl-B-p-thiogalactopyranoside. The protein  was
purified by affinity chromatography using His-Bind
Resin (Novagen) according to the manufacturer’s rec-
ommendations. The eluted protein was dialyzed against
{0mM phosphate-buffered saline, pH 7.2 (PBS), and
analyzed by sodium dodecyl suifate-polyacrylamide gel
electrophoresis (SDS-PAGE) using a 10% gel under re-
ducing conditions [18]. As a control, the recombinant Prx
of E. histolyytica was also prepared as above. Primers
(5’-CCCATATGTCTTGCAATCAACAAAAAGAGT-3')
and (5'-CCGGATCCTTTTAATGTGCTGTTAAATATT-3')
were used for the amplification of the cDNA coding E.
histolytica Prx.

2.6. Prepararion of polyclonal antibodies and western
inmmunoblot analvsis

Purified recombinant Prx was injected intraperitoneally
into three Chinese hamsters. The first injection was in com-
plete Freund's adjuvant, thereafter followed with two in-
jections in incomplete Freund's adjuvant at intervals of 2
weeks. One week after the last injection, sera of the hamsters
were collected. Crude proteins of E. moshkovskii tropho-
zoites were solubilized by suspending the cells in lysis

buifer [ 18] containing 2 mM phenyimethylsulfonyl Huoride,
ZmM N a-p-tosyl-t-lysing choromethyl ketone, 2mM p-
hydroxymercuriphenyl sutfonic acid, and 4 pM leupeptin
with 10% 2-mercaptoethanol, and then heating at 95 °C for
Smin. These proteins were separated by SDS-PAGE using
10% gel under reducing conditions. After electrophoresis,
the protein bands were iransferred onto a polyvinylidene di-
fluoride membrane by semi-dry electroblotting, blocked with
3% skim-milk in PBS, and then incubaled with the anti-Prx
hamster sera (1:200 dilution). Horseradish peroxidase (HRP)
conjugated goat 1gG to hamster IgG (ICN Pharmaceuticals)
was used as a sccondary antibody. The reaction was visual-
ized with a Konica Immunostaining HRP-1000 kit.

2.7. Confocal microscopy

E. moshkovskii trophozoites were transferred onto glass
coverslips in a culture dish containing BI-S-33 medium sup-
plemented with 10% adult bovine serum and incubated for 2 h
at 25 "C. After discarding the medium, the coverslips were
incubated in 4% paraformaldehyde in PBS for 30 min. After
washing with PBS, the trophozoites were permealized with
(0.1% Triton X-100 for 5 min at room temperature. Cells were
washed with PBS and then blocked with 3% bovine serum al-
bumin in PBS for 1 h at room temperature. Anti-Prx hamster
sera (1:100 dilution) was added and the cells were incubated
for an additional 12h at 4°C. The coverslips were washed
with PBS and then incubated with fuorescein isothiocyanate-
conjugated goat IgG to hamster IgG (ICN Pharmaceuticals)
for Sh at 4°C. The coverslips were again washed with PBS,
stained by 2.5 wg/ml propidium iodide for [0 min at room
temperature and then mounted. The samples were observed
by a Zeiss LM410 confocal laser scanning microscope.

2.8. Metal-catalyzed oxidation assay

This assay measures the ability of the recombinant Prx to
protect a supercoiled plasmid being nicked by a metal-ion-
catalyzed oxidation (MCO) system consisting of Fe** 0, and
an electron donor dithiothreitol (DTT) [19]. The reaction was
monitored in mixtures containing 500 ng of pUCI9 plasmid
DNA, 60 1M FeCl3, 10mM DTT, 100 uM EDTA, and var-
ious concentrations of recombinant Prx. The mixtures were
incubated for 30 min, 1, 2 and 4 h, respectively, and then the
plasmid DNA was subjected to agarose gel electrophoresis
and stained with ethidium bromide. Densitometry scans were
obtained using a Cool Saver AE6955 (Atto) and analyzed by
CS analyzer software (Atto).

2.9. Assay for enzyme activity

The enzyme activity of recombinant Prx was measured as
described by Chandrashekar et al. [20]. The reaction mixture,
containing | mM DTT, 100 pM H20», and various amounts
of recombinant Prx in 100 mM sodium phosphate buffer (pH
7.0), was incubated at 37°C for 20 min. The reaction was
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quenched by adding trichloroacetic acid to a final concentra-
tion of 10%. The mixture was centrifuged Lo remove the pre-
cipitate and the supernatant mixed with ferrous ammonium
sulfate and potassium thiocyanate. The peroxide amounts
in this mixture were estimated from its optical density at
480 nm. The background of the mixture containing no re-
combinant Prx was subtracted from these values.

In order to determine the kinetic parameters of enzyme
activity (Ky, and Viax), we determined the reaction rates by
changing the concentrations of HyO;. A mixture contain-
ing recombinant Prx, I mM DTT, and 100 mM sodium phos-
phate, pH 7.0 was preincubated at 25 °C for 10 min and then
incubated at 37°C for 20 min afier adding various amounts
of HaQ2. The reaction rates were plotted against the concen-
tration of H20; in a double reciprocal manner to determine
K and V.

3. Results
3.1. Cloning of cDNAs encoding E. moshkovskii Prx

The open reading frame (ORF) of three cloned cDNAs en-
coded a polypeptide of 218 (clone 1) or 217 (clones 2 and 3)
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amino acids (Fig. 1A). The calculated molecular masses and
theoretical p/ were 24,484 Da and 6.57 in clone 1; 24,377 Da
and 7.02 in clone 2; and 24,410 Da and 6.57 in clone 3. When
the deduced amino acid sequences of these Prxs were com-
pared by the BLAST 2 program, identities were 98.6% be-
tween clones ] and 2, 94.5% between clones | and 3, and
94.9% between clones 2 and 3. The amino acid sequences
of the E. moshkovskii Prxs were also compared with the Prx
of E. histolytica (233 amino acids). The identities of the E.
moshkovskii Prx clones 1-3 with the E. histolyrica Prx were
79.6, 80.9 and 76.7%, respectively. The two active site VCP
motifs essential for the activity of 2-Cys Prx were conserved
in the three clones. A distinctive difference was that the N-
terminus sequence of thie E. moshkovskii Prx was shorter than
that of the E. histolytica Prx.

A search of the E  moshkovskii genomic se-
quences available on the Sanger Institute website
{(http://www.sanger.ac.uk/Projects/E_moshkovskii/) was
performed although the project is incomplete and not yet
assembled. The strain being studied in the genome project is
the FIC strain which was isolated from sewage in Canada.
The TBLASTN search using the 3 Prx sequences identified
28 putative ORFs. When the search was extended to uncover
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Fig. 1. (Ay Alignment of deduced amino acid sequences of three Prx eDNA clones from E. moshkovskii and E, histolviiva Pr (P19476). Identical and conserved
amino acid residues are highlighted in black and gray, respectively. (B) Alignment of deduced amino acid seguences of the three Prx cDNA clones from £
nioshkervskii and six unigue open reading frames (FIC-1 to -6) from an £. moshkavskii genome database. Sequence numbers in the dalabase are a5 follows:
FIC-1, mosh045g12.p1k and mosh045g)12.91k: FIC-2. mosh042a08.p1k: FIC-3. mosh043g08.q1k; FIC-4, mosh002c07. glk: FIC-5. mosh019g11.plk and

mosh019g1Lylk; FIC-6, mosh086at)1 gk,
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Fig. 2. Southern blot analysis of Prx genes in E. moshkovshii. Genomic
DNA was digested with Rsul (R, lane 1), Mspl (M, lane 2), HindIII (Hd,
lane 3). and Hinfl (HF, lane 4) and hybridized with a probe. Numbers to the
left indicate DNA sizes of markers (in kilobases).

sequences with higher homology (e values of 1.1e”1%8 1o
1.9¢=%), at least six unique ORFs were identified (Fig. 1B).
Of these, four ORFs showed higher homology with clones
1 and 2. whereas the other two ORFs. were similar with
clone 3. However, none of the six ORFs showed complete
homology with the three Prx genes from the Laredo strain,
suggesting the presence of sequence differences in the Prx
genes of these strains.

3.2. Southern blot analysis of the Prx genes

PCR amplification of cDNA clone 1. using primers
EHM30-18 and EHM30-2A8S, yielded 335-bp products. A
Southern blot hybridization, using the PCR product as a
probe, was performed on E. mioshkovskii genomic DNA di-
gested with Rsal, Mspl, HindIIl, and Hinfl (Fig. 2). The hy-
bridization pattern revealed that the Prx is part of a multi-
gene family. The pattern of digestion by Rsal demonstrated
that at least nine Prx genes were existing in the genomic

DNA.

Fig. 3. Norihern blot analyses of Prv genes in £ musfkovskii (Em, lanes |
and 3) and E. histolytica (Eh, lanes 2 and 4). Hybridizations using probes
specific for E. mmoshkovskii (Em Prx, lanes 1 and 2) and specific for E.
histolytica (Eh Prx. tanes 3 and 4) were performed. Numbers to the lefi
indicate the size of RNA markers (in kilobases).

3.3. Northern blot and real-time reverse transcription
PCR analyses of Prx genes

To compare the expression profiles of Prx genes between
E. moshkovskii and E. histolytica, Northern blot analysis was
performed using two probes prepared from the two species
of ameba (Fig. 3). Difference in nucleotide sequences be-
tween two probes was 12% in 335 bp. Single bands of 0.75
and 0.8 kb were detected in E. moshkovskii and E. histolyt-
ica, respectively. To measure quantitatively the expression of
the Prx genes in both species, real-time reverse transcription
PCR was performed and the resuits analyzed by a compar-
ative Ct method using actin genes as internal standards. In
experiments repeated in triplicate, the relative expression lev-
els of E. moshkovskii Prx to E. histolytica Prx were estimated
to be 0.98, 1.37, and 0.83, respectively. The mean value of
1.06 £ 0.28 indicates that the Prx gene expression is compa-
rable between the two species,

3.4. Expression and purification of recombinant Prxs

The Prxs of E. moshkovskii (clone 1) and E. histolytica
were expressed in E. coli and purified by affinity chromatog-
raphy. SDS-PAGE showed the proteins of £, meshkovskii
and E. histolytica to be highly homogeneous with molecu-
lar masses estimated at 27 and 31 kDa, respectively, under
reducing conditions (lanes 3 and 6 of Fig. 4). The yield of
recombinant proteins was approximately 60 mg/l of bacterial
culture.

3.5, Identification and localization of native Prx in E,
moshkovskii

To determine the localization of the native Prx in E.
moshkovskii, a polyclonal antibody against recombinant Prx
was prepared in hamsters. In Western immunoblot analy-
sis, the antibody was reactive with a 25-kDa band of E.
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Fig. 4. SD8-PAGE of the recombinant Prxs of E. moshkovskii (lanes 1-3)
and E. histolytica (lanes 4-6) expressed in £, coli, Bacterial lysates or puri-
fied Prxs were run in a 10% gel under reducing conditions and were stained
with Coomassie brilliant blue. Lanes 1 and 4, E. coli lysates without in-
duction; lanes 2 and 5, E. coli lysates after induction with isopropyl-3-n-
thiogalactopyranoside; lanes 3 and 6, purified Prxs. Numbers to the left
indicate molecular masses of size markers (in kilodaltons).

moshkovskii, under reduced conditions (Fig. 5). A faintly
stained 45-kDa band was also detected, probably a dimeric
form of Prx. The antibody also recognized a 30-kDa antigen
of E. histolytica trophozoites, but reactivity was much lower.

Fig. 5. Western immunoblot of the native Prx of £ moshkovsiii. Lysates of
E. moskovskii (lanes 1, 3 and 5) and E. histolytica trophozoites (lanes 2, 4
and 6) were subjected to SDS-PAGE in a 10% gel under reducing conditions
and then transferred to polyvinylidene difluoride membranes. Protein bands
of lanes 1 and 2 were stained with Coomassie brilliant blue. Lanes 3 and
4 were treated with sera of hamsters immunized with the recombinant Prx
of E. moshkovskii; lanes 5 and 6 were treated with the preimmune sera of
the hamsters. HRP-conjugated goat antibedy to hamster IgG was used as
secondary antibody. Numbers to the left indicate molecular masses of size
markers (in kilodaltons).

Fig. 6. Localization of Prx in E. moshkovskis trophozoites observed by con-
focal laser scanning microscopy. (A} staining with a polyclonal antibody to
the Prx. Bright fluorescence was located in the nncleus and cytoplasm of
trophozoites. (B) Nuclear staining with propidium iodide, (C) Differential
interference contrast microscopy. (D) Merger of A, B and C. Bar indicates
10pm,

This suggests that antigenicity of E. moshkovskii Prx is sig-
nificantly different from the E. histolytica Prxs or that there
is much less Prx in E. histolytica than in E. moshkovskii.

Confocal laser scanning microscopy, using the polyclonal
antibody against E. moshkovskii Prx, clearly showed the in-
tracellular localization of Prx in the E. moshkovskii tropho-
zoites; more specifically, bright fluorescences were observed
in the nucleus and cytoplasm of the trophozoites (Fig. 6).

3.6. Protection of supercoiled DNA from oxidative
damage by Prx

The nicks of supercoiled DNA are formed by oxidative
radicals such as those generated by the metal-jon-catalyzed
oxidation (MCO) system. Since the nick formation of DNA
1s easily detectable, as seen in lane 3 of Fig. 7, Prx was tested
for its ability to protect supercoiled DNA from degradation
by the MCO system. When plasmid DNA was mixed and in-
cubated with the various concentrations of Prx, the amounts
of the nicked form of plasmid DNA decreased as Prx in-
creased (Fig. 7A), demonstrating that Prx possesses protec-
tive activity against oxidative radicals. Densitometric analy-
sis of the gel demonstrated that the protective effect of the
E. moshkovskii Prx appeared to be greater than that of E,
histolytica Prx, at 0.5 and 0.1 pM of protein (Fig, 7B).

3.7. Antioxidant activity of the Prx

The antioxidant activity of the recombinant Prx of E,
moshkovskii was examined by measuring its ability to re-
move Hy0; in the ferrithiocyanate assay. The E. moshkovskii
Prx catalyzed the removal of H2Q; in the presence of DTT
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Fig. 7. Protection of DNA cleavage by the recombinant Prxs of E.
moshkovskii and E. histolytica. (A) Agarose gel separation of nicked form
(NF) and supercoiled form (SF). A mixture containing supercoiled pUC19
plasmid DNA (500 ng per lane), components of the metal-catalyzed oxida-
tion (MCO) system (16.5 pM FeClz and 3.3 mM DTT), and various con-
centrations of Prx wete incubated for 0.5-4 h and then electrophoresed in a
1% agarose gel. Lane 1, FeCly; lane 2, DTT, lane 3, FeCls and DTT; lanes
4,6, 8 and 10, FeClz, DTT and 1, 0.5, 0.1 and 0.05 pM E. maoshkovskii Prx
{Em), respectively; lanes 5, 7, 9 and 11, FeClz, DTT and 1, 0.5, 0.1 and
0.05 pM E. histolytica Prx (Eh), respectively. (B) Densitometric analysis of
the agarose gels (lanes 3~11in A). Protection was expressed as a percentage
of supercoiled form to the sum of supercoiled and nicked form.

in a concentration-dependent manner (Fig. 8), demonstrat-
ing that this protein possesses antioxidant activity. Next,
we examined Prx activity by changing the concentration of
H,0,. The results gave the normal Michaelis—-Menten pat-
tern with K, values of 35 and 36 pM, and Vipax of 0.07
and 0.046 pmol/min/mg protein for HaO; reduction in E.
moshkovskii and E. histolytica, vespectively (Fig. 9). These
results indicate that the H2Q, detoxification activity of Prx
is highly conserved in both pathogenic and nonpathogenic
parasites.
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Fig. 8. Concentration dependency of recombinant Prx of E. moshkovskii on
the reaction rate. A mixture containing E. moshkovskii Prx at the various
concentrations in 1 mM DTT/100mM sodium phosphate buffer, pH 7.0,
was incubated at 25 °C for 10 min. The reaction was started by adding H2O2
{final concentration of 100 wM) to the mixture and incubating at 37°C for -
20 min. Next, the concentration of HaO2 was determined according to the
method described by Chandrashekar et al. {20]. The reaction rates were
plotted against the concentration of E. moshkovkii Prx.
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Fig. 9. The double reciprocal plots for the reaction of recombinant Prxs of E.
moshkovskii (A) and E. histolytica (B). The mixture containing Prx, 1 mM
DTT and 100mM sodium phosphate, pH 7.0 was incubated at 25°C for
10 min. The reaction was started by addition of various concentrations of
H,0, and incubating at 37 °C for 20 min. The reaction rates were piotted
against the concentrations of H2O in a double reciprocal manner.

4. Discussion

In the present study, a 2-Cys Prx from the nonpathogenic
E. moshkovskii has been characterized and compared with a
Prx from E. histolytica. Amino acid aligment between the
E. moshkovskii and E. histolytica Prxs revealed that the E.
hitolytica Prx has an extended N-terminus region compared
with that of E. moshkovskii. Since it was shown that trunca-
tion of the cysteine-rich N-terminus region of 40 amino acid
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residues from E. histolytica Prx decreased the HyO» eliminat-
ing activity to one half the level of the native form [ 11, it was
predicted that E. moshkovskii Prx would exhibit lower activ-
ity. However, there was no significant difference in the Ky,
values of the two species. Furthermore, V,;5; and the protec-
tive effect on DNA cleavage of the E. moshkovskii Prx were
shown 1o be higher than those of the E. histolytica Prx. In ad-
dition, the expression level of the gene in E. moshkovskii was
comparable with that of E. histolytica when both species were
cultured in the same anaerobic medium. Therefore, it seems
that Prx is an important antioxidant to metabolically gener-
ated H20z in the nonpathogenic ameba. As E. moshkovskii
is primarily isolated from polluted water, it is considered 1o
be a free-living ameba [14]. E. moshkovskii trophozoites can
grow al room temperature whereas E. histolytica trophozoites
cannot. Finding that the level of E. moshkovskii Prx gene ex-
pression at 25 °C is comparable 10 the Prx of E. histolytica at
37°C suggests that sufficient Prx activity is maintained even
at a lower lemperature and may contribute to the survival and
growth of the non-pathogenic ameba. The expression level
of Prx genes seems to vary depending on the environmental
conditions. Since the exposure of E. histolytica trophozoites
to a higher oxygen concentration for 1 h caused a twofold
higher expression of the Prx mRNA [211, the E, moshkovskii
Prx might be expressed at higher levels under free-living con-
ditions than under anaerobic conditions either in culture or
on the epithelium of the human intestine. Interestingly, it has
been demonstrated in E. histolytica that an increase in the ex-
pression of Prx is accompanied by metronidazole resistance
[22]. Further studies are required to clarify the specific factors
that influence the expression of E. moshkovskii Prx.
Localization of E. moshkovskii Prx in the nucleus and cy-
toplasm is in agreement with our previous observation on the
localization of E. histolytica Prx [23]. To the contrary, Torian
et al. [7] proposed that the Prx was localized on the surface of
E. histolytica. Recently, it was shown that E. histolytica Prx
was co-localized with the 260-kDa galactose- and N-acetyl-
n-galactosamine-inhibitable (Gal/GalNAc) surface lectin in
E. histolvtica trophozoites {24]. The reason why distinctly
different localizations of E. histolvtica Prx were observed in
different laboratories is not yet ¢lear. In mammals, six sub-
classes of Prx, Prx I-V1, have been identified and the cel-
lular localization of these proteins has been demonstrated:
Prx 1 in the cytosol and nucleus, Prx IT in the cytosol and
membrane, and Prx HI in the mitochondria [6]. Nuclear lo-
calization has been demonstrated in one of five Prxs in Suc-
charomyces cerevisiae |25]. In the N-terminus sequences of
Entamoeba Prxs, there are none corresponding 1o the signal
sequences of mammalian Prx III, 1V and V for mitochon-
drial import or secretion. or the sequences of yeasl Prxs for
mitochondrial or nuclear localization, However. since three
different amino acids sequences of E. moshkovskii Prxs were
identified in this study, we cannat rule out the possibility that
there may be different localizations and functions among the
Prxs. Indeed, in other protozoa such us Leishmania and Plas-
modinm, different functions of the 2-Cys and 1-Cys Prxs have

been demonstrated [26-28], although 1-Cys Prx has not been
detecied as yet in Entamoeba. It is also possible that localiza-
tion of the Prxs change, depending on culture conditions or
some stimulation. For instance the interaction of E. histolyr-
ica trophozoites with host cells may stimulate the recruitment
of Prx to the surface [24)]. In any event, the localization of
Entamoeba Prx in the nu¢leus in non-stimulated conditions
is reasonable if the protection of DNA from oxidalive stress
is medialed by Prx.

Sporadic cases of human infection with the free-living
ameba, E. moshkovskii, have been reported. Indeed, the E,
ntoshkovskii strain, Laredo, used in the present study, was iso-
lated from a human [15,16]. However, a high prevalence of E.
moshkovskii infection was recently demonstrated in children
in Bangladesh suggesting that humans may be a true host of
the ameba [29). The sequence differences of Prx genes be-
tween the Laredo and FIC strains suggest that human isolates
may be different from environmental isolates. The possibility
is supported by the observation that the PCR products of the
Arg™T [RNA gene are quite dissimilar in size between the
Laredo and FIC strains [29].

E. moshkovskii is morphologically indistinguishable from
E. histolytica and the nonpathogenic E. dispar. Therefore,
precise identification of the amebic species is important. We
have previously demonstrated that Prx genes are available
as a targel for distinguishing between E. histolytica and E.
dispar [8,13,30]. Indeed, PCR amplification of Prx genes
has been applied Lo the laboratory diagnosis and field studies
of amebiasis [31-36). In the present study, we showed that
there are some differences in nucleotide sequences between
the E. moshkovskii and E. histolyticalE. dispar Prx genes. In
addition, the Prx gene of E. moshkovskii was demonstrated
10 be a multi-copy gene. Therefore, we consider that DNA
diagnosis can be useful for identifying E. moshkovskii by
targeting its Prx genes,
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Genes encoding o- and g-subunits of a putative pro-
tein farnesyltransferase (FT) from the enteric protozoan
parasite Entamoeba histolytica were obtained and their
biochemical properties were characterized. Deduced
amino acid sequences of the «- and g-subunit of E. his-
tolytica FT (ERFT) were 298- and 375-residues long with
a molecular mass of 35.6 and 42.6 kDa, and a pl of 5.43
and 5.65, respectively. They showed 24% to 36% identity
to and shared common signaiure domains and repeats
with those from other organisms., Recombinant «- and
f-subunits, co-expressed in Escherichia coli, formed a
heterodimer and showed activity to transfer farnesyl
using farnesylpyrophosphate as a donor to human H-
Ras possessing a C-terminal CVLS, but not a mutant
H-Ras possessing CVLL. Among a number of small GT.
Pases that belong to the Ras superfamily from this par-
asite, we identified EhRas4, which possesses CVVA at
the C terminus, as a sole farnesyl acceptor for ERFT.
This is in contrast to mammalian FT, which utilizes a
variety of small GTPases that possess a C-terminal CaaX
motif, where X is serine, methionine, glutamine, cys-
teine, or alanine. ERFT also showed remarkable resist-
ance against a variety of known inhibitors of mam-
malian FT. These results suggest that remarkable
biochemical differences in binding to substrates and
inhibitors exist between amebic and mammalian FTs,
which highlights this enzyme as a novel target for
the development of new chemotherapeutics against
amebiasis.
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Ras small GTPases function as a molecular switch of signal
transduction in cell proliferation and differentiation (1). Ras
small GTPases require a post-translationai lipid modification
called protein farnesylation in order to become membrane-
associated and functional (2). Protein farnesylation, catalyzed
by protein farnesyltransferase (FT)! (3}, which is comprised of
two heterologous a- (FTe) and g- (FT8) subunits, is a major
post-translational lipid modifieation, together with protein
geranylgeranylation (3). FT and protein geranylgeranyltrans-
ferase type I (GGT-I) catalyze the transfer of the farnesyl and
geranylgeranyl group from farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate, respectively, to the cysteine
residue of a C-terminal CaaX of small GTPases including Ras,
Rac, and Rho, where C is cysteine, a is usually an aliphatic
amino acid, and X is any amino acid. Marked differences in
substrate specificity have been shown between FT and GGT-I,
i.e. FT mainly utilizes, as substrates, small GTPases possess-
ing the terminal CaaX motif, when X is serine, methionine,
glutamine, cysteine, or alanine (4), whereas GGT-I prefers
proteins with the C-terminal Caali or CaaF motif (4). Among
well characterized Ras proteins that terminate with a CaaX
motif, human H-Ras-CIMF, N-Ras-CVVM, K-RasA-CIM, and
Rap2-CNIQ are known to be farnesylated by F'T, while RaplA-
CLLL, as well as Rho family proteins are geranylgeranylated
by GGT-I. It has also been shown that K-RasB-CVIM can be
either farnesylated by FT or geranylgeranylated by GGT-I (5).
Since constitutively active mutations of Ras proteins have been
shown to induce carcinogenesis (6—8), which is suppressed by
the inhibition of farnesylation, FT has attracted attention as a
target of cancer chemotherapy (9). In addition, several com-
pounds targeting FT have proven promising against African
sleeping sickness caused by Trypenosoma brucei and Malaria
caused by Plasmodic species (10).

Entamoeba histolytica is an intestinal protozoan parasite,
which causes amebic dysentery, colitis, and liver abscess in
humans, and is responsible for an estimated 50 million cases of
amebiasis and 40-100 thousand deaths annually (11). A num-
ber of small GTPases have been studied including Ras/Rap (12,
13), Rho/Rac (14-18), and Rab (19-21). The completion of the
E. histolytica genome data base will help us to comprehensively
understand the presence and complexity of these small

! TThe abbreviations used are: FT, protein farnesyltransferase; GGT-I,.
protein geranylgeranyltrasferase type I; FTa, a-subunit of farnesyl-
transferase; FTf, B-subunit of protein farnesyltransferase; ELFT, far-
nesyltransferase of E. histolytica; FPP, farnesyl pyrophosphate; NTA,
nitrilotriacetic acid; GTPyS, guanosine 5'-3-0-{thioMriphosphate, NJ,
neighbor-joining.

This paper is available on line at http://www.jbc.org
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GTPases in the ameba. The molecular and cellular functions of
some of these small GTPases have begun to be unveiled (12, 17,
18, 22). However, the molecular basis of the lipid modification
of these small GTPases remains largely unknown in this
parasite.

In this report, we describe the molecular and biochemical
characterization of the ¢- and 8- subunits of FT of E. kistolytica
(ERFT) using recombinant proteins co-expressed in Esche-
richia coli. We also show that only one amebic Ras protein
among the many small GTPases tested is farnesylated by
ERFT. In addition, we show that the amebic FT exhibits
marked resistance to a variety of compounds that are known to
inhibit mammalian FT, indicating that the amebic FT pos-
sesses distinet biochemical properties from the mammalian FT.

EXPERIMENTAL PROCEDURES

Parasite—Trophozoites of E. histolytica strain HM-1:IMSS cl6 (23)
were cultured axenically in BI-8-33 medium at 35.5 °C (24).

Chemicals—Recombinant human H-Ras-CVLS (wild type), H-Ras-
CVLL (mutant type), FPT inhibitor-I {(&,E)-2-[(dihydroxyphosphinyl)-
methyl]-3-ox0-3-((8,7,11-trimethyl-2,6,10-dodecatrienyl)-amino] pro-
panic acid, trisodium salt}, FPT inhibitor-II {(E,E)-2-{2-0x0-2-[{(3,7,11-
trimethyl-2,6,10-dodecatrienylloxylaminolethyllphosphonic acid,
disodium salt), Gliotoxin, c-hydroxyl farnesylphosphonic acid, and a
peptidomimetic inhibitor FTI-276 {N-[2-phenyl-4-N-[2(R)-amino-3-
mercaptopropylamino]benzoyl]-methionine]} were obtained from EMD
Biosciences (San Diego, CA). [PHJFPP (16.1 Ci/mmol} and [*H]gera-
nylgeranyl pyrophosphate (23.0 Ci/fmmol) were purchased from
PerkinElmer Life Sciences {Boston, MA), and [*®S]JGTP+S (1,178 Ci/
mmol) was obtained from Amersham Biosciences (Piscataway, NJ).
Restriction endonucleases and modifying enzymes were purchased from
Takara Biochemical (Tokyoe, Japan). The other chemicals and reagents
used were from either Sigma-Aldrich Fine Chemicals (Tokyo, Japan) or
Wako Pure Chemical Industries (Osaka, Japan) unless otherwise men-
tioned and of the highest purity available.

eDNA Library of E. histolytica—A trophozoite ¢cDNA library of
E. histolytica was constructed using the poly(4)" ENA and AZAP II
vhage (Stratagene, La Jolla, CA) as described previously (25).

Identification and Cloning of FTa and FTB of E. histolytica—We
designed oligonucleotide primers to amplify FTa and FTB protein-
coding regions from E. histolytica by PCR based on a homology search
using yeast and mammalian FT in the E. histolyticae genome data base
available at The Institute for Genomic Research (www.tigr.org/tdb/).
The sense primer for EhWFTa was §'-ATGGAAGAAGACGAAGAAATC-
ACATTTG-3'. Sense and antisense primers for ERFTB were 5'-ATGG-
AAATTGAAGAAGTAGAAGTAGAAACTGTTAC-3' and 5'-TTAGAGC-
GAACGGAAATACTCACAACGCTTATC-3', respectively. Since we did
not find a sequence containing the C terminuvs of FTx in the data base,
we used T7 primer, located downstream of the cloning site of our cDNA
library, to amplify the FTa-coding region. PCR was performed using a
one-hundredth volume of the cDNA phage lysate as template with the
following parameters. An initial step of denaturation at 94 °C for 3 min
was followed by 30 cycles of denaturation at 94 °C for 1 min, annealing
at 55 °C for 2 min, and extension at 72 *C for 2 min. A final step at 72 °C
for 10 min was used to complete the extension. The amplified DNA
fragments were electrophoresed, purified using a Geneclean II kit
(BIQ101, La Jolla, CA), and cloned into the Smal site of pUC18 using a
SureClone Ligation Kit (Amersham Biosciences). Nucleotide sequences
were confirmed with an ABI Prism BigDye terminator cycle sequencing
ready reaction kit (PE Applied Biosystems, Foster City, CA) on an ABI
Prism 310 Genetic Analyzer.

Identification and Cloning of Ras Small G Proteins of E. histo-

iytica—To identify substrates for the amebic FT, we searched for puta-

tive Ras homologues in the E. histolytica Genome data base via a
TBLASTN search using amebic (EhRasland EihRas2) and mammalian
Ras as inquiry sequences. We identified 8 previously uncharacterized
putative full-length Ras genes. The C terminus of these Ras proteins
ended with Phe (four genes), Leu (two), Met (one), or Ala (one). The two
latter genes encoding putative Ras proteins containing the CSVM- or
CVVA-C terminus (identical to EH02830 and EH01021 in the E. histo-
Ivtice. genome data base) were assumed to be good candidates to be
farnesylated by the amebic FT, designated EhRas3 and EhRasd, re-
gpectively, and characterized further. A protein coding region of
EhRas1-4, and EL:RacC were amplified by PCR using cDNA as template
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and appropriate primers based on the sequences in the genome data
base.

Sequence Analysis—FTa and FT8 protein sequences from E. histo-
Iytica and 9 other organisms, and 20 putative Ras and Ras-related
proteins of E. iiistolytica were retrieved from the TIGR and the National
Center for Biotechnology Information data bases (www.ncbi.nih.gov/)
using the BLASTP and TBLASTN algorithms. The protein alignment
and phylogenetic analyses were performed with ClustalW version 1.81
(26) using the neighbor-joining (NJ) method {(27) with the Blosum
matrix created using the ClustalW program (26), Unrooted NJ trees
were drawn with TreeView ver.1.6.0 (28). Branch lengths and bootstrap
values (1000 replicates) {29) were derived from the NJ analysis.

Construction of a Plasmid to Express Recombinant ERFT—A plasmid
containing the protein-coding regions of FTa (without the stop codon),
FTp (with the stop codon), and the ribosome binding sequence {(GAG-
GAGTTTTAACTT) between them were constructed by three rounds of
PCR using the recombinant approach (30, 31). Briefly, two sets of initial
PCRs were conducted to amplify the FTe and FTB protein-coding region
using a sense primer, 5'-ATGGAAGAAGACGAAGAAATCACATTTG-3'
and an antisense primer, 5'-ATGATTAGTAATTTTTGTTAAATACCA-
ATCCC-3' (for FTo); a sense primer, 5'-ATGGAAATTGAAGAAGTAG-
AAGTAGAAACTGTTAC-3' and an antisense primer, 5'-TAAGAGCG-
AACGGAAATACTCACAAGCCTTATC-3' (for FTB). Two sets of second
PCRs were conducted using the respective product of the first reaction
as a template. To amplify the FT'« protein-coding region (excluding the
stop codon), flanked by a BamHI site (italicized) and the ribosome
binding site (underlined), a sense primer, 5'-GGAGGATCCCATGGAA-
GAAGACGAAGAAATCACATTTG-3' (primer 1) and an antisense
primer, 5'-AAGTTAAAACTCCTCATGATTAGTAATTTTTGTTAAATA-
CCAATCCC-3', were used. To amplify the FTB sequence including the
stop codon, flanked by the ribosome binding site (underlined) and a
HindIIl site (italicized), sense, 5’-GAGGAGTTTTAACTTATGGAAAT-
TGAAGAAGTAGAAGTAGAAACTGTTAC-3' and antisense, 5'-CCAA-
AGCTTTAAGAGCGAACGGAAATACTCACAAGCCTTATC-3' {primer
2) were used. The third round of PCR was conduced using a mixture of
the products of the second round, and primers I and 2, The resulting
2.1-kb PCR product was digested with BamHI and Hind1II and ligated
into BamHI- and HindlIIl-double digested pQE31 to construct pE-
hFTaf. In pEWFT«B, the FTa and FT 8 protein-coding regions placed in
tandem were presumably translationaliy coupled, facilitating co-ex-
pression of these two subunits at similar levels. An N-terminal histidine
tag was also engineered in EhFTw to facilitate purification.

Construction of Plasmids to Express Recombinant Smell GTP-
ases—A protein-coding region of EhRasl-4, and EhRacC flanked by
additional BamHI and Sall sites (italicized), were amplified by PCR
using cDNA as a template and sense and antisense primers: 5-GGA-
GAATCCCATGACTGCCAATACATATAAATTAGTTATG-3' and 5'-CC-
AGTCGACTTAGAACATTATGCATTTCTTTTCTTTCTT-3' (EhRasl);
5 -CGGAGAATCCCATGACTACAAATACTTATAAATTAGTTATGCTT-
G-3' and 5'-CCAGTCGACTTATAACAATTCACACTTTGATTTAGAAG-
G-3' (EhRas2), 5'-GGAGAATCCCATGAGTTTAAAAAGAATTGTTAT-
GCTTGGA and 5-CCAGTCGACTTACATAACAGAACATCCAATTET-
CTTATA-3' (EhRas3); 5'-GGAGAATCCCATGAACTCAACAATAAAA-
AGAATATCTGTT-3' and 5'-CCAGTCGACTTAAGCAACCACACATG-
AAGTATTATTCTC-3' (EhRasd); 5'-GGAGAATCCCATGAGTGAAAA-
ACCCACATCAAT-3' and 5'-CCAGTCGACTTATAAAAGAGCACACT-
TTGACCTTTG-3' (EhRacC), where restriction sites are italicized. PCR
products were electrophoresed, purified, and cloned into BamHI- and
Sall double-digested pQE31 plasmid to obtain pEhRasl-4 and pEh-
RacC. The resuiting plasmids were designed to contain an N-terminal
histidine tag to facilitate purification. Plasmids to express an N-termi-
nal Nus fusion protein of EARap2 and a glutathione S-transferase-
EhRab5 or glutathione S-transferase-EhRab7 fusion protein were con-
structed using pET-43.1a and pGEX4T-1 with appropriate restriction
sites included in PCR primers. The characterization of EhRab,
EhRab7, and EARap2 and details of the construction of these expression
plasmids are described elsewhere,

Expression and Purificetion of Recombinunt Proteins—Plasmids con-
structed as described above were introduced into E. coli M15 cells. A
12-ml seed culture was grown overnight at 37 °C in LB medium con-
taining 100 pg/ml of ampicillin and 25 ug/ml of kanamycin. The over-
right culture was then inoculated into 250 ml of fresh medivm contain-
ing the antibiotics. The bacteria were grown for 1 h, and then another
4 h after the addition of 1 mM isopropyl-1-thio-B-D-gaiactopyranoside to
induce protein expression. The bacteria were harvested by centrifuga-
tion at 4,000 X g for 20 min, and the pellet was stored at ~20 °C until
purification. The recombinant proteins were purified according to the
manufacturer’s instructions. Briefly, the bacterial cells were resus-
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pended in cold lysis buffer, phosphate-buffered saline, pH 8.0, contain-
ing 10 mM imidazole and 1% lysozyme, sonicated, and centrifuged at
10,000 X g for 20 min. The supernatant was applied to a Ni-NTA-
agarose column (Qiagen, Hilden, Germany), washed extensively with
the wash buffer containing 20 mM imidazole, and eluted with the lysis
buffer containing 250 my imidazole. The recombinant FT proteins were
further purified with Q Sepharose Fast Flow (Amersham Biosciences)
at a flow rate of 0.5 ml/min as described (32). The purified recombinant
FT and Ras proteins were then dialyzed against the enzyme assay
buffer described below and 40 mum Tris-HCl, pH 8, containing 90 mm
NaCl, 10 mm MgCl,, and 2 mu dithiothreitol and stored with 20 and
50% glycerol, respectively, at —80 °C until use. Protein concentrations
were determined by the method of Bradford (33) using Protein Assay
CBB solution {(Nacalai Tesque, Kyoto, Japan). Bovine serum albumin
was used as the protein standard.

Protein Analyses—-The expression and purity of recombinant pro-
teins were evaluated by standard SDS-PAGE as described (34). To
prepare E. histolytica extracts, trophozoites were washed three times
with ice-cold phosphate-buffered saline, resuspended at 10%/ml in phos-
phate-buffered saline containing a proteinase inhibitor mixture (1 mu
phenylmethylsulfonyl fluoride, 1 nM trypsin inhibitor, 100 um trans-
epoxysuccinyl-L-leucylamino-(4-guanidino)butane, 1 pg/ml pepstatin A,
1 pg/ml leupeptin, 1 pg/ml N-e-p-tosyl-L-lysine chloromethyl ketone
hydrochloride, and 1 mm benzamidine hydrochloride), and subjected to
3 cycles of freezing and thawing. After centrifugation at 10,000 x g for
10 min, the supernatant was subjected to further analyses.

Enzyme Assays—The enzymatic activity of recombinant FT and the
whole lysate of E. histolytica trophozoites were assayed for incorpora-
tion of [*H)farnesyl pyrophosphate or PHlgeranylgeranyl pyrophos-
phate inte the recombinant small GTPases prepared as described
above, human H-Ras-CVLS, or H-Ras-CVLL. The assay was performed
essentially as described previously (35) with minor modifications.
Briefly, in standard assays, the reaction mixture contained, in a total
volume of 50 ul, 50 mym HEPES (pH 7.5), 5 mm MgCl,, 20 uM ZnCl,, 5
- mM dithiothreitol, 0.1% polyethylene glycol 20,000, 187 nm FHIFPP (3
pCi/ml), or [PH]geranylgerany! pyrophosphate (3 pCi/ml), and 240 to
750 uM of the purified recombinant FT or 1.9 mg/ml of the E. histolytica
lysate. The reaction was initiated by the addition of either the recom-
binant enzyme or cell extracts, run at 30 °C for 20 min, and terminated
by the addition of 200 41 of 10% HCl in ethanol. The quenched reactions
were allowed to stand at room temperature for 15 min. After the
addition of 200 ul of 100% ethanol, the reactions were vacuum-filtered
through glass filter GF/C (Whatman, Maidstone, UK) using a Sampling
Manifold {Millipore Corp., Bedford, MA). The filters were washed with
4 mi of 100% ethanol and then subjected to scintillation counting (LS
6,000IC, Beckman Coulter, Fullerton, CA). The K, value was caleu-
lated from Lineweaver-Burk plots. FT assays were also conducted in
the presence of known FT inhibitors: farnesylpyrophosphate analogues
(FPT inhibitor-I, FPT inhibitor-II, Gliotoxin, a-hydroxyl farnesylphos-
phonic acid) and a peptidomiretic inhibitor (FTI-276) under the condi-
tion described above.

Guanine Nucleotide Binding Assays—GTP binding activity was
measured using [**S]GTPyS (Amersham Biosciences) and a nitrocellu-
lose filter (Millipore HA filter, Millipore Corporation) as previously
described (36).

RESULTS

Features of FTa and FTB of E. histolytica—Nucleotide se-
quences of EAFT« and ERFTP obtained by PCR were identical
to sequences available from the genome data base (EH02829
and EH04188, respectively). The putative protein-coding re-
gion of ERFTa and ERFTP, consisting of 894 and 1,125 bps,
encodes proteins of 298 and 375 amino acids with a calculated
molecular mass of 35.6 and 42.6 kDa and a pI of 5.4 and 5.7,
respectively. A search for previously identified domains and
motifs (37) using the NCBI Conserved Domain Search revealed
that both EAFTa and EAFTP contained well conserved signa-
ture domains shared by other organisms. EAFTw contained one
BET4 domain and five “protein prenyltransferase a-subunit
repeats”; EAFTS possessed one CAL1 domain and five “prenyl-
transferase and squalene oxidase repeats” (Fig. 1). The de-
duced protein sequences of EAFTa and EAFTS were aligned
with those from other organisms using the ClustalW program
(Fig. 1). Both EAFT > and EAFTS were the smallest in size, and
lack any recognizable secretory signal sequence, an organelle
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targeting signal, and any domain implicated in membrane as-
sociation including the transmembrane domain and myristyla-
tion signal. EAFT« and EAFTS also lack the N-terminal exten-
sion of 15-58 amino acids found in these subunits from other
organisms. EAFTa showed 29, 30, 27, and 24% positional iden-
tity with FTe of human, Arabidopsis thaliana, Saccharomyces
cerevisiae, and T. brucei, respectively; ERFTS revealed 36, 35,
28, and 31% positional identity with the FTB of these orga-
nisms, respectively. All the residues implicated to be essential
for catalysis (Fig. 1, A and B) (39-41) are conserved in both
EhFTa and ERFTS.

Phylogenetic Anualysis of ERFTa and FTB—Phylogenetic
trees of EAFT« and EAFTS were constructed (Fig. 2). Neither
the &- nor B-subunit of the amebic FT showed statistically
significant (i.e. supported with high bootstrap values) affinity
to those from other organisms while trypanosomal, mamma-
lian, and plant proteins encoding «- and S-subunits formed well
supported independent clades, representing distinet groups.
These results were compatible with the notion that both sub-
units of EAFT developed independently from other eukaryotes,
suggestive of the presence of unique biochemical properties of
ERFT (see below).

Expression of ERFT in E. coli—A complex consisting of
ERFTo and ERFTB was expressed and purified as described
under “Experimental Procedures.” Purified proteins revealed
two major proteins with an equal intensity of an apparent
molecular mass of 88 and 43 kDa (Fig. 3), which likely corre-
spond to ERFTa and ERFTR, respectively. The apparent mo-
lecular mass of - and B-subunits agreed well with a theoretical
value of 37.6 kDa with the N- and C-terminal addition of
MRGSHHHHHHTDP and EEF, respectively, for the recombi-
nant ERFTa and 42.6 kDa for ERFTS. When histidine-tagged
EhFTa or ERFTB were expressed separately, the apparent
molecular mass of these proteins agreed well with their iden-
tity (data not shown). Densitometric quantitation of these two
bands also supported that they contain an equal number of
protein molecules (data not shown). Gel filtration chromatog-
raphy of the recombinant ERFT using Sephacryl S-300 re-
vealed a molecular mass of about 80 kDa (data not shown).
Thus, the recombinant EAFT« and ERFTS were present as a
stable dimer during the process of purification by Ni-NTA
agarose and Q Sepharose Fast Flow chromatography (Fig. 3).
After the purification, recombinant ERFT was estimated to be
>95% pure by densitometric quantitation (data not shown),
and further utilized for enzymatic assays. '

Demonstration of FT Activity of the Recombinant ERFT
against Human Ras Proteins—When assayed for incorporation
of [BH]farnesy! pyrophosphate, the recombinant ERFT showed
FT activity [1.08 * 0.012 nmol of FPP/mg of protein (mean =
S.E.)] against human recombinant wild-type H-Ras-CVLS,
whereas it showed ~20-fold less activity against mutant H-
Ras-CVLL (0.05 = 0.01 nmol of FPP/mg of protein) (Fig. 4),
which was previously shown to be predominantly geranylgera-
nylated by human GGT-I. The addition of EDTA (10 mu) to the
reaction mixtures completely abolished the enzymatic activity
of the recombinant EAFT (data not shown), suggesting, as
shown for mammalian and yeast FT, that EAFT also requires
Zn?* and Mg?™* for its activity.

Identification and Phylogenetic Analysis of the Novel Ras
Proteins in E. histolytica—To identify the protein substrates of
ERFT in the parasite, we searched for putative Ras proteins in
the genome data base based on homology to the ERRasl and
human H-Ras. In addition to EkRRasl, EhRas2, EARapl, and
ERRap2, which have already been reported (12), we found 8
additional putative ras proteins previeusly uncharacterized,
with the C-terminal CaaX motif. Of these 8§ proteins, 6 possess
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Fi¢. 1. Alipnment of the deduced amino acid sequences of a- (A) and 8- (B) subunits of protein farnesyltransferase of E. histolytica
with those from other organisms. Bk, Entamoeba histolytica; Hs, Homo sopiens; At, A. thaliena; Se, S. cerevisine; Th, T. brucei. Asterisks (¥)
under the alignments indicate identical amine acid residues and dots (.} indicate conserved amino acid substitutions. BET4 (in A) and CAL1 (in
B) domains detected by the NCBI Conserved Domain Search are dotted-underlined (partially solid underlined). The prenyltransferase a-subunit
repeats and the prenyltransferase/squalene oxidase repeats, also detected by the search, are indicated by solid underline in A and B, respectively.
The regions corresponding to the motif PYNYXXWYR (37), previously found in the turns connecting two helices of the coiled-coil, in FTe and a
glycine-rich motif GGFXGXXP (37), corresponding to the loop regions that connect the C termini of the peripheral helices with the N termini of
the core helices in the barrel (38) in FTB are boxed. All amino acids implicated in catalysis by crystallographic and mutational studies of
mammalian FTs (38—41) are shaded. Aromatic amino acids located in the hydrophobic cleft at the center of the a-o barrel implicated in the
interaction with the farnesyl residue are marked with open circles (38). Arg?* implicated in the binding of the essential C-terminal carboxylate
of the protein substrate is marked with a filled circle (39). Amino acids implicated in the coordination of zine are marked with open squares (40).
Amino acids 1mphcated in the binding and utilization of FPP, shown by a mutational analy51s (39} are marked with filled sguares. N-terminal
extensions absent in EAFTe and ERFTS are also boxed. DDBJ/’EMBLIGenIB:smk"'M accession numbers are given in Fig. 2.

Phe or Leu {4 with Phe, 2 with Leu) at the C terminus, while 1
each has Met or Ala. We tentatively designated proteins pos-
sessing Met or Ala as EhRas3 or EhRas4, and the other pro-
teins as EhRas5-10. The nucleotide sequence of the EARasl
c¢DNA we cloned was identical to that previously reported; the
nucleotide sequence of our EARas2 ¢cDNA differed at one nu-
clectide (A368G) from the sequence previously reported (12),
resulting in a Y123C substitution. E2ZRas8 and 4 consisted of
210 and 182 amino acids with a calculated molecular mass of
23.2 and 20.6 kDa and a pl of 5.5 and 5.8, respectively. The

ClustalW mu]tlple alignment showed that EhRas3 and 4, to-
gether with the previously identified EhRasl, EhRas2,
EnhRapl, and EhRap2, share conserved GTP binding consensus
sequences (42) and also, at a moderate level, the effector bind-
ing region {42} (Fig. 5A).

Percent identity among the FhRasl-4 and EhRapl-2 (Fig.
5B} also indicates that EiRas3 is, together with EhRas5 and
EhRas6 (ERRas5 versus EhRasl-2, 62-66%; EhRas6 versus
EhRasl1-2, 39-41%: EhRas5 and EhRas6 were not studied
further in the present work) closely associated with EiRasl
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FiG. 2. Phylogenetic trees of FT« {A) and FT# (B), Only FT« and F'T8 protein sequences that were previously characterized enzymologically
were included. The trees were constructed by Neighbor-joining distance analysis using the ClustalW and TreeView programs, Line lengths indicate
distances between nodes. The bar represents a distance of 0.1 amino acid changes per site. Bootstrap values for 1,000 replicates are shown at nodes.
Abbreviations are: Ef, E. histolytica (DDBJ/EMBL/GenBank™ number of FTa and FTg, AB083372, AB083373); Sc, 8. cerevisiae (P29703,
P22007) Sp, Schizosaccharomyces pombe (060052, Q13782); Th, T. brucei (AAFT3919, AAFT3920); Te, T. cruzi (AAL69904, AATG9905); At,
A, thalivna (QOLX33, AAFT4564); Ps, Pisum sativum (024304, Q04803); Le, Lycopersicon esculentum (P83277, AAC49666); Bt, Bos taurus

(NP_803464, P49355). Hs, Homo sapiens (NP_002018, NP_002019).
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Fic. 3. SDS-PAGE analysis of the purified recombinant FT of
E. histolytica. Both ERFT subunits were coexpressed in E. coli, copu-
rified on Ni-NTA agarose (lane A), or further purified with anion ex-
change Q Sepharose Fast Flow (Igne B). Samples were subjected to
SDS-PAGE and stained with Coomassie Brilliant Blue.

and EhRas2, showing 48-51% identities, whereas EiRas4
showed only 26-30% identities to EkRasl, EARas2, EhRapl,
and EARap2. Phylogenetic reconstructions (Fig. 6) confirmed
the results of the protein alignment: both EARas3 and EhRasd,
together with EhiRas5 and E/Ras6, represent new members of
the Ras/Rap family. Rac and Rab proteins were categorized to

independent clades, whaose association was well supported by
moderate to high bootstrap values (only representative Rac and
Rab proteins were included in this analysis).

Identification of ERRasd as a Substrate of Ek FT—We tested
substrate specificity of ERFT toward EhRasl-4. We chose
EhRas3-4, together with ERRasl-2, as possible candidates for
ERFT substrates because it was previously shown that mam-
malian and yeast small GTPases with a C-terminal Ser, Met,
Gln, Cys, or Ala have a tendency to be farnesylated whereas
those containing Phe or Leu at the C-terminal end tend to be
geranylgeranylated (4). The recombinant EAFT showed farne-
syltransferase activity toward EkRas4 (1.03 £ 0.005 nmol of
FPP/mg of protein), which was comparable to the activity to-
ward human H-Ras-CVLS (Fig. 4). In contrast, EAFT showed
no detectable or only minimal activity toward EARas1-3. We
also tested if EARab, EhRac, or ERRap are farnesylated by
ERFT. The recombinant EAFT did not transfer farnesyl to
EhRab?, EhRacC, or ERRap2 (data not shown), Furthermore,
the recombinant EAFT did not utilize geranylgeranyl pyrophos-
phate as a isoprenyl donor to transfer the geranylgeranyl res-
idue to EARasl, EhRas2, EhRas3, EhRasd, ERRap2, EhRacC,
or EhRab7 (data not shown). To confirm that EhRas3 and 4 are
capable of binding GTP, a GTP binding assay was conducted.
Both EhRas3 and 4 showed comparable GTP-binding activity
to EhRas2 and ErRab7 (data not shown). We also assayed for
the FT activity in the whole lysate of the E. histolytica tropho-
zoites, Among the 2 human H-Ras and 4 E. histolytice Ras
homologues described above, FT aetivity was detected only
against human H-Ras-CVLS and ERRas4 in the whole lysate
(data not shown), which excluded the possibility that some
other EAFT protein (or proteins) exists to farnesylate these
small GTPase in the amebic lysate,

Kinetic Properties of EhFT—Lineweaver-Burk plots showed
the K, of recombinant EAFT for EARas4 to be 5.13 + 0.02 uum
(plots not shown), significantly higher than that of bovine FT,
the K,, of which for Ras-CVLS and Ras-CVIM is 0.63 = 0.05
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FiG. 4. Substrate specificity of recombinant FT of E. histolytica. The specific activity of the recombinant EAFT was determined from the
incorporation of [SHifarnesyl pyrophosphate into the recombinant EkRas1, human wild type H-Ras-CVLS, and mutant type H-Ras-CVLL. Means *

S.E. of quadruplicates are shown.

A
s ITMITYKLVHLGGGAWE%SSAIWDLVS&IFVOWDPTIEDSYRTSISVDGBNSLDIL 58
E’Rﬂ:z NTTNTYKLVNLGGGAVGKSA | TVGLVSGHFVQ! YDPT | ED! EMVSLDIL 58
Fhass  WSLKRI LGTGAVGKSAITLOYVSHYFASDYNPT!EDSFRTSITIGDDNYPIEIL %
R T
Efﬁggz HPVKDYHWLGSGAVMSS|TVRFVQG|FLVKWPTEEDSYRKDLDLDGQG ElL b8
..... e .

DXAS
ERas!  DIAGOEEYSALRDQYNRSGDGYVIVYSITSTTSELEANGFREQL YRVLDKDVSEIG AL 118
Ras2 DYAGOEEYSALRDOYMRSGDGYVIVYS TSTTSFLEANGFREQLYRVLOKDVSEWS AL 115
itas3 DIAGOEEFDALKOTY IRSCOGFAIVYS| TSLNTELEARE IRERTYRVLOKDPSGHIB|CL 115
Fhast D SYTNRN RIYELRK-DHSKTIPY | 117
ErRap1  DIAGTEQF TAMRDL YRKTGOGEVLYYS 1 AGSTYNDLDP | FDOIVRVRD— TEDVP| IV 115
Ekas? DIAGTEOFTARDLTWKTGOGRYLVYS IKADSTYAOLDP KOO VRVRD-—TENWP 1V 115

o EXSAX
ERasl EWKV{FFETSMW”ETFQM—VKNWMT EP 178
Ehacz ETAEAKKL ADENKVLEFETSAAK NI TETFOALVKDIKVARVSSEP 178
Foss VGHKSDLESERIVSKEBAEELACLRG1SE IETSAKKKSHINEL 101 TWKDI DIRIKEDE 176
] vmmcns«—naevwsssowsuslsmrmm ML IREWSHEVEN 178
FRap] CESOR 1VSUDDGKALADKYGADFLEVSAKAE IR SO TFTTL KR INSSHGNRRP 175
] VOROOLESR ) VSQDDGKALADKYGAEFLEVSAKAEIR!SDIFTTLIKRENAHNQTI{PK 17

Wik ok v kR e- ee P
gy e =
Eﬂa::i EHES TKKSSKKQRDGKKFYKK'GCSVH 10
BRaca WA %
e f——" 84
ErRab ———h——KSGECSLF 84
B

EhRasl EhRas2 EhRas3 FEhRas4 EhRapl EMRap2

EiRasl % 51 % M
ElRas? £ % & 4
FiRass I
ElRast % %
EiRapl 9
FiRap?

Fic. 5.8imilarity among EhRasl-4 and EhRapl-2. A, sequence
alignment of EkhRasl-4 and EiRapl-2 using the ClustalW program.
Sequences over the alignment are GTP binding consensus sequences.
Asterishs (*) and dots (.) indicate identical amino acids and conserved
amino acid substitutions, respectively. GXXXXGKS and DXT depict
GXXXXGR(S/T) and D(X), T consensus sequences, respectively. DDBJ/
EMBL/GenBank™ accession numbers are given in Fig. 6. B, percent-
age identities among FARasl-4 and EhRapl.2,

and 0.18 * 0.03 uM, respectively (35).

Sensitivity of Recombinant ERFT to Human FT Inhibitors—
We examined the sensitivity of EAFT to known FT inhibitors.
As shown in Table I, ERFT was virtually insensitive at up to 30
uM except to FPT inhibitor-II and FPT 276 when recombinant
EhRasd was used as substrate. The lack of sensitivity of ERFT
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11, EhRacC-CALL
EhRas-CTLL
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EPRas-CS
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EhRab11B-KKCC
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EhRab5-KGCC
EhRap2-CSLF EfRas3.CSVM
EhRap1-CSL

o1 PUEPRas1-CIMF " EpRassCRIF
= EhRas2-GELL

Fic. 6. Phylogenetic tree of representative members of small
GTPases of E. kistolytica consirucied by the Neighbor-joining
method. DDBJ/EMBL/GenBank™ accession numbers of these pro-
teins are;: EhRasl, AAA21446; EhRas2, AAA21447; EhRas3,
AB112425; EhRasd4, AB112426; EhRapl, AAA21444; EhRap?2,
AAA21445; EhRacA, Q24814; EhRacC, Q24816; EhRacG, 076321;
ERRabl, BAB40669; EhRab5, BAB40673; EhRab7, BAB40674;
ERRabilb, BAB40678; ERRabl1C, BAB40679. The other proteins
without accession numbers shown in the tree are putative Ras super-
family small GTPases found in the E. histolytica genome data base.
EhRas?-10 are labeled as EhRas-X20IX, because there is no sufficient
evidence to support that these proteins are Ras homologues.

to FT inhibitors was not dependent on the substrate; EAFT was
also insensitive to these inhibitors when H-Ras-CVLS was used
as a substrate.

DISCUSSION

In this study, we have demonstrated for the first time the
molecular identity of FT in enteric parasitic protozoa. Although
all major subgroups of small GTPases, i.e. Ras, Rap, Rho,
Rac, Rab, Arf, and Ran, have been identified (12, 14-21) in
E. histolytica and some of their functions studied (17, 18), this
is the first demonstration and characterization of an isopren-
ylation enzyme essential for correct membrane topology and
organelle targeting of these small GTPases. We identified com-
mon features of FT hitherto recognized in other eukaryotes:
both FT« and FTS contained well-conserved signature domains
such as BET4 and CAL1 domains, and the repeats, L.e. protein
prenyltransferase a-subunit repeats and prenyliransferase/
squalene oxidase repeats (Fig. 1). EAFT forms a heterodimeric
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TabLE I
Inhibition of recombinant ERFT by inhibitors of human FT
The enzymic activity of recombinant ERFT using £ARasd-CVVA and
human H-Ras-CVLS as protein substrates was determined by incorpo-
ration of [*HIFPP in the absence and presence of FT inhibitors to
calculate IC,, values.

ICy,

Inhibitors E. histolytica FT Hg%an
Biws  fymen  Homan
uM
Prenyl analogues
FPT inhibitor-I =30 >30 0.075%
FPT inhibitoer-I1 2.0 2.7 0.075°
Gliotoxin >30 >30 1
a-Hydroxyfarnesyl-phosphonic acid ~ >30 =30 0.03¢
Peptidomimetic
FTi-276 2.4 0.9 0.0005°

“ Reported IC,, values of human FT for the inhibitors using human
-Ras-CVLS as a protein substrate are shown for comparison.

b Ref. 47.

“ Ref. 48.

4 Ref. 49.

¢ Ref. 50.

complex with a ratio of 1:1 between o- and B-subunits, similar
to the case in other organisms, as shown by co-purification (Fig.
3). Phylogenetic analyses indicate that both EAFT and ERFTB
are equally distant from homologues from other organisms.
This may partially explain some of the unique biochemical
characteristics of the amebic FT not shared by the mammalian
counterpart. It is also worth noting that trees of both o- and
B-subunits are similar (Fig. 2), suggesting that the FT subunits
co-evolved independently at a comparable rate in these
organisms.

We identified ZkRas4-CVVA as one of the intrinsic sub-
strates of FT in E. histolytica. Although it was not possible to
test all small GTPases as substrates for EhFT, we showed that
EAFT exclusively utilized EARas4 as a farnesyl acceptor. In
contrast, recombinant E:Rasl-3, Rap2, RacC, and Rab7 were
not farnesylated by recombinant EAFT (Fig. 5} or the whole cell
extract. The fact that the amebic Iysate contained the activity
to transfer the farnesyl residue to EhRas4, but not other ERRas
isotypes, reinforces the notion that the FT characterized in the
present study is the sole FT in this organism and also specific
for this Ras protein. We also tentatively concluded that FT-
mediated farnesylation is not a major lipidation of Ras protein
in this organism. It was unexpected that EAFT did not utilize
EhRas8, which terminates with CSVM, as a farnesyl acceptor,
because mammalian and yeast small GTPases containing a
C-terminal Ser, Met, Gln, Cys, or Ala were shown to prefer to
be farnesylated (4). An unexpected substrate specificity was
also previously reported for FT from another protozoan para-
site T. brucei, which farnesylates Ras protein with CVIM, but
not CVLS (43). The fact that EAFT prefers smaller amino acids
at the C terminus of EhRas (CVVA and CVLS) indicates that
the amebic FT may possess a smaller binding cleft for the Ras
C terminus.

Among newly found putative Ras-like proteins, EhRas3—6
were the only ones that contained a terminal CeaX and also
showed a closer kinship to EkRas1 and EARas2 than to other
small GTPases (i.e. Rap, Rac¢/Rho, and Rab) (Fig. 6). This ob-
servation, together with the lack of farnesylation by EAFT of
EhRasl-3, Rap2, RacC, and Rab7, indicates that EhRasd pro-
tein is the sole Ras protein farnesylated by ERFT. It is also
conceivable that EkRas1-3 proteins with the C-terminal Phe,
Leu, or Met, respectively, are farnesylated by GGT-1, as shown
for rat RhoB-CKVL (44). This is also the case for EhRas2-
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CELL, which has been shown to be farnesylated by the recom-
binant E. histolytica GGT-I in our preliminary experiment,
(data not shown). Although the C terminus of the previously
identified amebic Ras/Rap (i.e. EhRas1-2 and EhRapl-2) (12)
was presumed to be geranylgeranylated, a study using rabbit
reticulocytes lysates (as a source of enzyme) and recombinant
EhRasl and ERRap2 showed that these proteins were not
geranylgeranylated, but farnesylated (13). Considering that
recombinant EAFT neither farnesylates nor geranylgeranyl-
ates EhRasl and EhRap2, we have to conclude that the results
of the previous report (13) are likely a consequence of artifac-
tual farnesylation by heterologous prenylase(s), as observed for
ErRas2-CELL, which was farnesylated by the rat GGT-I (data
not shown). Alternatively, it is conceivable that the farnesyla-
tion of these small GTPases by GGT-I may require an uniden-
tified accessory factor, like Rab escort protein for GGT-II (3), in
E. histolytica. Altogether, these results suggest that the sub-
strate specificity of prenyltransferases varies widely among
organisms. Further studies, including the cloning and enzy-
matic characterization of GGT-1 of E. histolytica to determine if
EhRas proteins are geranylgeranylated by the amebic GGT-I,
are now underway.

Although we did not show a specific role for EARasd, this
protein shares all the conserved domains characteristic of Ras
(42) except for incomplete DXAG and DX, T consensus se-
quences, and showed a close kinship to other EhRas proteins in
the phylogenetic reconstruction (Fig. 6), We demonstrated that
EhRas4 was capable of binding GTP (data not shown), verify-
ing its identity as a small GTP-binding protein, EARas1-4 lack
a cysteine residue located 5-8 amino acids upstream of the C
terminus to be palmitoylated in H- and N-Ras (45), which was
shown to be essential for membrane association. In addition,
EhRasd, in contrast to E2Ras1-3, also lacks the so-called poly-
basie region (Fig. 54), which was found in K-RasB and attrib-
uted to membrane association (46), The polybasic region was
also implicated in interaction with a negatively charged patch
on the surface of FT, which is located in close proximity to the
region responsible for the binding to the Ras C terminus (38).
Interestingly, ERFTS, which shows low affinity to EARasl-3
with the polybasic region and high affinity toward EkRas4
without it, possesses a number of substitutions of negatively
charged with either positively-charged or neutral amino acids
particularly in helixes 3-5 (38) (e.g. D918, E94M, E112R,
D115G, E116Y, E131R, E166V, E167N, and D170Q, corre-
sponding to rat FTR). It is conceivabie that these substitutions
compensate for the repulsive force that interferes with proper
binding, which would partially explain the observed Ras spec-
ificity of the amebic FT.

In addition to its unique (i.e. EhRas4-specific) acceptor spec-
ificity, the amebic F'T revealed notable differences in sensitivity
against compounds known to inhibit human FT by distinct
mechanisms (Table I), Marked differences in sensitivity to FPP
analogues were unexpected since all the aromatic amino acids
(Trpmz’ Tyrlos, Trplos’ Tyr154, Tyr205, PheESS’ Phe302’ Trp303’
Tyr®?, and Tyr®® of rat FTB) that were shown to be located in
the hydrophobic cleft at the center of the a-a barrel and impli-
cated to be essential for the interaction with FPP within the
FPP-binding pocket (41) were conserved. FPT inhibitors 11,
and e-hydroxyfarnesyl phosphonic acid share the common far-
nesyl (C15) portion (36), which interacts with these aromatic
residues lined on this hydrophobic cleft (38), Therefore, the lack
of sensitivity of ERFT against these FPP analogues suggests
that the binding specificity of these compounds does not depend
on the structure of the FPP-binding pocket per se, but on the
neighboring spacial and electrostatical environment. The fact
that EAFT is >10-fold more resistant to FPT inhibitor I and



156

E. histolytica Protein Farnesyltransferase

o-hydroxyfarnesyl phosphonic acid than FPT inihibitor II
whereas human FT is equally sensitive to these inhibitors
agrees well with the notion that EAFT has higher affinity to
FPT inhibitor II. Considering the major structural differences
between FPT inhibitors I and II: the presence of the O-ester
linkage and the absence of the C-terminal residue in FPT
inhibitor II, the observed differences in sensitivity may be
partially explained by the substitutions of negative with neu-
tral/positive amino acids found in the amebic FT described
above. It is conceivable that EAFT is not sensitive to the CaeM
peptidomimetic FTI-276 (>1000-fold less than human FT)
since EhRas3-CSVM was not a substrate of ERFT. Finally,
exploitation of critical differences in the affinity toward sub-
strates and inhibitors between the mammalian and amebic FT
should enable us to discover or design novel inhibitors selective
for ERFT, leading to the development of new chemotherapeu-
tics against amebiasis.
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Abstract The effect of five different cytochalasins on the
growth, encystation and excystation of Entamoeba in-
vadens was examined. At 10 pM, cytochalasins B, D, E
and dihydrocytochalasin B markedly inhibited growth.
Encystation was inhibited by cytochalasin D at 1 pM
but not by other cytochalasins at the same concentra-
tion, whereas it was inhibited by 10 uM of cytochalasins
B, E and dihydrocytochalasin B as well as cytochalasin
D. Excystation, which was assessed by counting the
number of metacystic amoebae after inducing excysta-
tion, was markedly enhanced by cytochalasin D as
previously demonstrated, whereas the enhancing effect
of cytochalasins A, B and dihydrocytochalasin B was
weak. In contrast, cytochalasin E at 10 uM inhibited
excystation and metacystic development. These results
indicate that there is a difference in the effect of different
cytochalasins on the growth and differentiation of
E. invadens, depending on differences in their chemical
structure.

Introduction

Cytochalasins are cell-permeable fungal toxins. The
primary effect of cytochalasins is to inhibit actin
polymerization, but these compounds also affect func-
tions not yet known to be related to the actin cyto-
skeleton, such as glucose transport and mitochondrial
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respiration (Lin and Spudich 1974; Brenner and Korn
1980; Flanagan and Lin 1980; Manavanthu et al. 1980).
Unlike cytochalasins A and B, cytochalasins D and E
do not inhibit glucose transport. Structurally, cytoc-
halasins are a family of compounds characterized by a
central perisohydroindole core ring and a large at-
tached macrocyclic ring which varies in size and com-
position.

Studies on the differentiation of Entamoeba histoly-
tica, including encystation and excystation, are difficult
because there is no axenic encystation medium avail-
able for this parasite (Lopez-Romero and Villagémez--
Castro 1993). The in vitro axenic encystation and
excystation of E. invadens, a reptilian parasite, are
useful models for the encystation and excystation of
E. histolytica because these processes in the human
parasite are similar to those of E. invadens (Dobell
1928; Cleveland and Sanders 1930; Geiman and Ratc-
liffe 1936; Loépez-Romero and Villagémez-Castro
1993). Transfer of E. invadens trophozoites from a
growth medium to an encystation medium induces
encystation (Sanchez et al. 1994), and the transfer of
cysts from an encystation medium to a growth medium
induces excystation (McConnachie 1955; Rengpien and
Bailey 1975; Garcia-Zapien et al. 1995; Makioka et al.
2001). Using an in vitro system for the encystation and
excystation of E. invadens, we previously demonstrated
that cytochalasin D inhibits the growth and encystation
of E. invadens, with encystation being more sensitive to
the drug than growth (Makioka et al. 2000). Like
cytochalasins, latrunculins inhibit actin polymerization,
whereas jasplakinolide promotes actin polymerization
and stabilizes polymerized actin {Spector et al. 1983;
Bubb et al. 1994). We demonstrated that cytochalasin

‘D unexpectedly enhances the excystation and metacy-

stic development of E. invadens, although latrunculin A
and jasplakinolide inhibit these processes (Makioka
et al. 2001). From these results, we considered it of
interest to determine whether other cytochalasins ex-
hibit similar effects to cytochalasin D on the growth
and differentiation of E. invadens.
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Materials and methods

Trophozoites of E. invadens strain IP-1 were cultured in
axenic growth medium BI-S-33 (Diamond et al. 1978)
at 26°C. For experiments on the effect of cytochalasins
on growth, trophozoites (10* cells/ml) were cultivated
in the growth medium including 1 pM or 10 uM of
cytochalasins A, B, D, E, or dihydrocytochalasin B for
7 days and then counted. For experiments on ency-
station, trophozoites (5x10° cells/ml) were transferred
to the encystation medium 47% LG (LG is BI without
glucose; Sanchez et al. 1994) containing | uM or
10 UM of the cytochalasins above. After 3 days of
incubation, trophozoites and cysts were counted, and
their viability determined by trypan blue exclusion and
the percentage encystation was determined. For
experiments on excystation, the cells were harvested
after 3 days’ incubation of trophozoites in the ency-
station medium and treated with 0.05% sarkosyl (Sig-
ma Chemical, St. Louis, Mo.) to destroy the
trophozoites (Sanchez et al. 1994). The remaining cysts
were washed with phosphate-buffered saline, counted
and suspended in a growth medium. Viability of the
cysts was determined by trypan blue exclusion. Dupli-
cate cultures of 5x10° cysts/ml included 1 pM or
10 pM of cytochalasins. These were incubated for
3 days. Viable metacystic amoebae and cysts were
clearly distinguished, being pale yellow and light blue,
respectively. The former was also identified by positive
motility. The five cytochalasins used, A, B, D, E and
dihydrocytochalasin B, were purchased from Calbio-
chem (San Diego, Calif.) and were initially dissolved in
dimethyl sulfoxide (DMSO). The control cultures
received the same volume of DMSO,

Resuits
Effect of cytochalasins on growth

The effect of the five cytochalasins on the growth of
E. invadens is shown in Fig. 1. All cytochalasins used at
1 uM had no effect on the growth of E. invadens. With
10 uM of cytochalasins B, D, E and dihydrocytochala-
sin B, markedly inhibited growth was observed, whereas
cytochalasin A at 10 pM had no effect.

Effect of cytochalasins on encystation

The results of encystation are shown in Fig. 2, Control
cultures produced about an 80% cyst yield at 3 days
after the induction of encystation (data not shown). At
1 pM of cytochalasin D, 70% inhibition of the control
encystation was found, whereas other cytochalasins at
1 pM had no inhibitory effect. At 10 uM of cytochalasin
B, dihydrocytochalasin B, cytochalasin D and cytocha-
lasin E 85%, 30%, 82%, and 100% inhibition occurred,
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Fig. 1 Effect of cytochalasins on the growth of Entamoeba
invadens. Trophozoites were cultured for 7 days in the presence
of I uM or 10 pM cytochalasins A, B, D, E and dihydrocytocha-
lasin B (dB). Control growth was measured in the absence of the
drug and was expressed as 100%. The percentages®SE of the
control growth for duplicate cultures are plotted
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Fig. 2 Effect of cytochalasins on the encystation of £. invadens.
Trophozoites were transferred to an encystation medium contain-
ing 1 uM or 10 uM cytochalasins A, B, D, E and dihydrocytoc-
halasin B (d8). The cysts and trophozoites were counted to
determine the percentages of cysts 3 days later. Control encystation
was 80%. The percentages £ SE of inhibition against the control
encystation for duplicate cultures are plotted

respectively, of the control encystation, whereas cyto-
chalasin A at 10 pM had no inhibitory effect.

Effect of cytochalasins on excystation and metacystic
development

The effect of cytochalasins on the number of metacystic
amoebae is shown in Fig. 3. Cytochalasin D at 1 uM
induced a marked increase in the number of metacystic
amoebae from 5 to 48 h of incubation compared to the
controls, which is consistent with our previous results
{(Makioka et al. 2001). In contrast, other cytochalasins at
1 uM had little effect on the number of metacystic
amoebae compared to the controls except for the in-
crease in number due to cytochalasin E at 48 and 72 h.



