16874

&. histolytico is not a nitrogen-fixing organism, the NIF-like
system is not necessarily specific for nitrogenase proteins, but
they are also involved in Fe-S cluster assembly for other Fe-S
proteins, as shown previously for H. pylori (13). Although all
characterized or putative Fe-S proteins in the genome database
of E. histolytica, including ferredoxins and pyruvate:ferredoxin
oxidoreductase, likely contain 2{4Fe-45]®* clusters, the fact
that the amebic NIF-like system functions in the formation of
the [2Fe-28]%* cluster in E. coli indicates that the amebic
NIF-iike system is involved in the biosynthesis of all forms of
Fe-S clusters.
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Molecular and biochemical characterization of p-phosphoglycerate
dehydrogenase from Entamoeba histolytica

A unique enteric protozoan parasite that possesses both phosphorylated and
nonphosphorylated serine metabolic pathways

Vahab Ali', Tetsuo Hashimoto? Yasuo Shigeta’ and Tomoyoshi Nozaki**

Department of Parasitology. National Institute of Infectious Diseases, Tokyo, Japan; 2institute of Biological Sciences, University of
Tsukuba, Japan: > Precursory Research for Embryonic Science and Technology, Japan Science and Technology Agency, Tokyo, Japan

A putative phosphoglycerate dehydrogenase (PGDH),
which catalyzes the oxidation of p-phosphoglycerate to
3-phosphohydroxypyruvate in the so-called phosphoryiated
serine metabolic pathway, from the enteric protozoan
parasite Entamoeba histolytice was characterized. The
E. histolytica PGDH gene (EARPGDH) encodes a protein of
299 amino acids with a calculated molecular mass of
33.5 kDa and an isoelectric point of 8.11. EhPGDH showed
high homology to PGDH from bacteroides and another
enteric protozoan ciliate, Entodinian caudatun. EnPGDH
lacks both the carboxyl-terminal serine binding domain and
the 13-14 amino acid regions containing the conserved
Trp139 (of Escherichia coli PGDH) in the nucleotide binding
domain shown to be ctucial for tetramerization, which are
present in other organisms including higher eukaryotes.
EhPGDH catalyzed reduction of phosphohydroxypyruvate
to phosphoglycerate utilizing NADH and, less efficiently,
NADPH; EhPGDH did not utilize 2-oxoglutarate. Kinetic
parameters of ENPGDH were similar to those of mamma-

lian PGDH, for example the preference of NADH cofactor,
substrate specificities and salt-reversible substrate inhibition. -
In contrast to PGDH from bacteria, plants and mammals,
the EhPGDH protein is present as a homodimer as dem-
onstrated by gel filtration chromatography. The E. histo-
Iytica lysate contained PGDH activity of 26 nmol NADH
utilized per min per mg of lysate protein in the reverse
direction, which consisted 0.2-0.4% of a total soluble pro-
tein. Altogether, this parasite represents a unique unicellular
protist that possesses both phosphorylated and nonphos-
phorylated serine metabolic pathways, reinforcing the bio-
logical importance of serine metabolism in this organism.
Amino acid sequence comparison and phylogenstic analysis
of various PGDH sequences showed that E. histolytica
forms a highly supported monophyletic group with another
enteric protozoa, cilliate E. caudatum, and bacteroides.

Keywords: anaerobic protist; cysteine biosynthesis;, serine
biosynthesis.

L-Serine is & key intermediate in a number of important
metabolic pathways. In addition to its role in the synthesis
of L-cysteine and 1-glycine and also in the formation of
L-methionine by the interconversion of L-cysteine via

Correspondence to T. Nozaki, Department of Parasitology, National
Institute of Infectious Diseases, [-23-1 Toyama, Shinjuku-ku, Tokyo
162-8640, Japan, Fax; + 81 3 3285 1173, Tel.: + 81 3 5285 1111
ext. 2733, E-mail: nozaki@nih.go.jp

Abbrevigtions: PHP, phosphohydroxypyruvate; 3-PGA, 3-phospho-
glyceric acid; PGDH, p-phosphoglycerate dehydrogenase; GDH,
p-glycerate dehydrogenase; PSAT, phosphoserine aminotransferase;
EhPGDH, Entamoeba histolytica p-phosphoglycerate dehydrogenase;
ML, maximum likelihood; NJ, neighbor joining; MP, maximum
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Note: The nucleotide sequence data of £. histelytica PGDH reported
in this paper has been submitted to the DDBJ/GenBank®/EBI data
bank with Accession number AB091512,

(Received 12 February 2004, revised 27 April 2004,

accepted 30 April 2004)

L-cystathionine, L-serine is & major precursor of phosphat-
idyl-L-serine, sphingolipids, taurine, porphyrins, purines,
thymidine and neuromodulators p-serine and D-glycine
[1,2]. L-Serine is synthesized from a glycolytic intermediate
3-phosphoglycerate (3-PGA) in the so-called phosphory-
lated serine pathway in mammals. In plants, two pathways
have been shown to be involved in serine biosynthesis: the
phosphorylated pathway, which functions in plastids of
nonphotosynthetic tissues and also under dark conditions
[3], and the glycolate pathway, which is present in
mitochondria of photosynthetic tissues and functions under
light conditions [4,5). D-Phosphoglycerate dehydrogenase
{(PGDH, EC 1.1.1.95) catalyses the NAD™- or NADP*-
linked oxidation of 3-PGA in the first step of the
phosphorylated serine biosynthetic pathway [6]. The PGDH
activity from Escherichia coli [7), Bacillus subtilis [8), and pea
[9] was shown to be subjected to allosteric control by the end
product of the pathway, serine. However, such allostetic
inhibition was not demonstrated for PGDH from other
plants 3,10] and animals [11-13]. Substrate inhibition of the
PGDH activity by 3-phosphohydroxypyruvate (PHP) at
> 10 uM, which was reversed by high concentrations of
salts, in the reverse (monphysiological) direction, was also
observed for PGDH from rat liver [13), but not for PGDH
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from bacterda [8] and plants [9). Thus, the presence or
absence of allosteric and substrate inhibition of this enzyme
appears o be organism specific.

PGDH from rat liver was shown to be upregulated at
the transcriptional leve] with protein-poor and carbohy-
drate-rich diet [14]. Previous enzymological studies using
both native [7-9,15] and recombinant {3,13,16,17) PGDH
from bacteria, plants and mammals showed that PGDH
forms a homotetramer with 2 monomer molecular mass
of 44-67 kDa. Each 44 kDa subunit of the homotetra-
meric PGDH from E. coli has three distinct domains: the
nucleotide binding domain (residues 108-294), the sub-
strate binding domains (residues 7-107 and 295-336) and
the regulatory domain (residues 337-410), the latter of
which binds to 1-serine [18). The major protein-protein
interactions between the subunits have been implicated at
the nucleotide binding domains and the regulatory
domain, indicating the importance of these domains for
the tetramerization of the enzyme [18). It was shown that
serine binding induces a conformational change at the
regulatory domain interfaces of PGDH, and serine is
subsequently transferred to the active sile to elicit inhibi-
tion of catalysis [19,20]. The PGDH activity was inhibited
by approximately 90% when two of the four serine
binding sites of the PGDH tetramer were bound to serine
[19], indicating that the binding of a single serine at each
of the two regulatory site interfaces is sufficient to affect
all four active sites. Physiological impertance of PGDH in
serine biosynthesis has been demonstrated in its deficiency
in human [12,21]. Patients with PGDH deficiency exhibit a
marked decrease of L-serine and glycine concentrations in
both plasma and cerebrospinal fluid [12,21-23), which
results in severe neurological disorders, ie. congenital
microcephaly, dysmyelination, intractable seizures, and
psychomotor retardation.

Entamoeba histolytica is the enteric protozoan parasite
that causes amoebic colitis and extra intestinal abscesses
(e.z. hepatic, pulmonary and cerebral) in approximately 50
million inhabitants of endemic areas [24]. Among a number
of metabolic peculiarities, metabolism of sulfur-containing
amino acids in E. histolytica has been shown to be unique in
a variety of aspects including; (a) a lack of both forward and
reverse transsulfuration pathways [25], (b} the presence of a
unique enzyme methionine y-lyase involved in the degrada-
tion of sulfur-containing amino acids [25] and () the
presence of de novo sulfur-assimilatory cysteine biosynthetic
pathway [26,27]. The physiological importance of cysteine
has previously been shown for this parasite. Cysteine plays
an essential role in survival, growth and attachment of
parasite [28,29], and also in antioxidative defense mechan-
ism [27). As the major, if not sole, route of cysteine
biosynthesis in this parasite is the condensation of
Q-acetylserine with sulfide by the de novo cysteine biosyn-
thetic pathway, molecular identification of enzymes and
their genes located upstream of this pathway is essential. We
attempted to identify and characterize the putative serine
metabolic pathway (a general scheme for serine biosynthetic
and degradative pathways is shown in Fig. 1). We previ-
ously identified, in the E. histolytica genome database, genes
encoding PGDH (EC 1.1.1,95), glycerate kinase (GK,
EC 2.71.31), phosphoserine aminotransferase (PSAT,
EC 26.1.52), and p-glycerate dehydrogenase (GDH,
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Glycalylic pathway
I Glycerate kinase
3-Pnosphoglycerate ¥————==( Giycorate
3-Phosphoglycerate
Phosphoglycerate phoesphatase
dohydrogenase Glycerate
dehydrogenase
Phosphohydroxypyruvate
Phosphoserine
aminotransierase Hydroxypytuvate
Phasphoserine
Serine pyruvale amingiransterase
Phosphoserine {Atanine glyoxylate aminotransferase)
phosphatase

Serine

Fig. 1. A general scheme of serine metabolism. Enzymes identified in
the E. histolytica genome database are shown in bold. Enzymes pre-
viously characterized [30] or reported in the present work are aiso
undertined.

EC 1.1.1.29) [30], suggesting that this parasite possesses
both phosphorylated and nonphosphorylated pathways.
We showed that GDH' probably plays a role in serine
degradation, rather than biosynthesis and, thus, in the
down-regulation of the intracellular serine concentration
[30).

In the present work, we describe cloning and enzymo-
logical characterization of native and recombinant amoebic
PGDH. This is the first report on PGDH from unicellular
eukaryotes. The amoebic PGDH represents a new member
of PGDH, which is supported by amino acid sequence
comparisons and phylogenetic studies. The amoebic PGDH
(a) lacks the carboxyl-terminal serine binding regulatory
domain, which is implicated for allosteric inhibition and
tetramerization, and the essential Trp residue in the
nucleotide binding domain, inferred also for tetrameriza-
tion, and (b) exists as a homodimer, dissimilar to PGDH
from other organisms.

Materials and methods

Chemicals

All chemicals of analytical grade were purchased from
Wako (Tokyo, Japan) unless otherwise stated. Hydroxy-
pyruvic acid phosphate dimethylketal (cyclohexylammo-
nium) salt, D-phosphoglyceric acid, NADPH, NADH,
NAD™ and NADP™* were purchased from Sigma-Aldrich
{Tokyo, Japan). PHP was prepared from the hydroxypyru-
vic acid phosphate dimethylketal (cyclohexylammonium)
salt as described previously [31]. Pre-packed Mono Q 5/5
HR and Sephacryt S 300 Hiprep columns were purchased
from Amersham Biosciences (Tokyo, Japan).

Parasite cultivation

Trophozoites of the pathogenic E. histolytica clonal strain
HMI:IMSS cl 6 [32] were axenically cultured in BI-S-33
medium at 35 °C as described previously [33).
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Expression and purification of recombinant £ histolytica
PGDH (rEhPGDH)

A plasmid was constructed to produce yERPGDH with the
amino-terminal histidine tag. A fragment corresponding to
an open reading frame (ORF) of EnPGDH was amplified
by PCR using a ¢cDNA library [26] as a template, and
oligonucleotide primers (5'-caGGATCCaagatagttgtgataac
cga-3 and 5-caCTCGAGttagaactiattgactiggaa-3'), where
capital letters indicate the BantHI or Xhol restriction sites.
The PCR was performed with the following parameters:
fa) an initial incubation at 95 °C for 5 min; (b} 30 cycles
of denaturation at 94 °C for 30 s, annealing at 55 °C for
30 s, and elongation at 72 °C for 1 min; and (c) a final
extension at 72 °C for 10 min. The & 1.0 kb PCR f{ragment
was digested with BemHI and Xhol, electrophoresed,
purified with Geneclean kit II (BIO 101, Vista, CA), and
cloned into BamHI- and Xhol-double-digested pET-13b
(Novagen, Darmstadt, Germany) in the same orientation
as the T7 promoter to produce pET-EhPGDH. The
nucleotide sequence of the amplified EnPGDH ORF was
verified by sequencing and found to be identical 10 a
putative protein coding region of EH01468 (contig 318350,
nucleotides 31494-32394) in the E. histolyrica genome
database available at The Institute for Genomic Researches
(TIGR) (http://www.tigr.org). The pET-EhPGDH con-
struct was introduced into the E. coli BL21 (DE3) cell
(Novagen). Expression of the rEhPGDH protein was
induced with 0.4 mm isopropyl thio-B-p-galactoside for
4-5 h at 30 °C. The bacterial cells were harvested, washed
with phosphate-buffered saline (NaCl/P;), pH 7.4, resus-
pended in the lysis buffer (50 mm Tris/HC, 300 mm NaCl,
pH 8.0, and 10 mM imidazole) containing 0.1% (v/v)
Triton X-100, 100 pgmL™" lysozyme and Compiete Mini
EDTA free protease inhibitor cocktail (Roche, Tokyo,
Japan), sonicated, and centrifuged at 24 000 g at 4 °C for
15min. The histidine-tagged rEnPGDH protein was
purified from the supemnatant fraction using a nickel-
nitrilotriacetic acid column (Novagen) as instructed by the
manufacturer. After the supernatant fraction was mixed
and incubated with nickel-nitrilotracetic acid agarose at
4°C for 1h, the agarose was washed with a series of
washing buffer (20 mm Tris/HCI, 300 mm NaCl, pH 8.0
containing 10, 20, 35 or 50 mm imidazole). The histidine-
tagged rENPGDH protein was eluted with 100 mm
imidazole and extensively dialyzed in 50 mm Tris/HCI,
300 mm NaCl (pH 8.0) containing 10% (v/v) glycerol and
the protease inhibitors as described above, overnight at
4 °C. The dialyzed protein was stored at —80 °C with 30%
(v/v) glycerol in small aliquots until use. The purified
rEhPGDH remained active for more than one month
when stored at —80 °C.

Enzyme assays

3-PGA-dependent production of NADH in the forward
direction was measured fluorometrically using a Fluo-
rometer (F-2500, Hitachi, Tokyo, Japam), with an
activation at 340 nm and an emission at 470 nm, for
2-4 min at 25 °C. Because the forward reaction showed
an optimum pH of 9.0, all reactions were carried out at
this pH. The assay mixture contained 100 mm Tris/HCI,
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pH 9.0, 400 mM NaCl, 0.2 mm NAD', 0.2 mm dithio-
threitol, 3.0 mm 3-PGA and 1.6 pg of the rEhPGDH or
appropriate amounts of fractions of the parasite lysate,
in 300 pL of reaction mixture. The kinetic pararneters
were determined by using variable concentration of
3-PGA (50 uM to 10 mm), NADP™ (50 um to 0.4 mm)
and NAD™ (50 um to 0.3 mm). The reaction was
initiated by the addition of 3-PGA. The PGDH activity
in the reverse reaction was measured both fluorometri-
cally and spectrophotometrically. The reaction mixture
contained 50 mm NaCl/P, pH 6.5, 400mm NaCl,
02mM NADH or NADPH, 0.2 mm dithiothreitol,
100 yps PHP and 1.2 pg of rERPGDH or appropriate
amounts of fractions of the parasite lysate in 300 pL.
The kinetic parameters for reversed reaction Were
determined by using variable amount of PHP (5-
500 pm) and NADH (1-300 pm). The enzymatic acti-
vities were expressed in unitstng protein™’. One unit was
defined as the amount of enzyme that catalyses the
utilization or production of 1.0 pmol of NADH per min
under the conditions mentioned above. K, and Vi
were estimated with Lineweaver—Burk and Hanes—Woolf
plots.

Chromatographic separation of EhPGDH from
E. histolytica lysate

Approximately 107 E. histolytica trophozoites  were
washed twice with ice-cold NaCl/P;. After centrifugation
at 500 g for 5 min, the cell pellet {150-200 mg) was
resuspended in 1.0mL of 100 mm Trs/HCl, pH 9.0,
1.0 mM EDTA, 20 mm dithiothreitol and 15% (v/v)
glycerol containing 10 ugmL™"  srans-epoxysuccinyl-i-
leucylamido-(4-guanidino)butane (E64) and Complete
Mini EDTA-free protease inhibitor cocktail. The cell
suspension was then subjected to three cycles of freezing
and thawing. After the suspension was further sonicated,
the crude lysate was centrifuged at 45 000 g for 15 min at
4°C and filtered through a 0.45 pm cellulose acetate
membrane. The sample was applied to Mono Q 5/5 HR
column pre-equilibrated with the binding buffer {100 mm
Tris/HCl, pH 9.0, 1.0 mv EDTA, 2.0 mm dithiothreitol,
15% (v/v) glycerot and 1 pgmli™! E64] on AKTA
Explorer 108 system (Amersham Biosciences). After the
column was extensively washed with the binding buffer,
bound proteins were eluted with a linear gradient of
0-1 M NaCl, Each fraction (0.5 mL) was analyzed for
PGDH activity by monijtoring the decrease in the
absorbance at 340 nm spectrophotometrically as described
above. The rEhPGDH was dialyzed against the binding
buffer and also fractionated on the same column under
the identical condition. An apparent molecular mass
of the recombinant EhPGDH was determined by gel
filtration chromatography using Sephacryl 8300 HR
Hiprep prepacked column (60 ¢cm long and 1.6 cm in
diameter). The column was pre-equilibrated, washed
and eluted with the gel filtration buffer (0.1 » Tris/
HCl, pH 80 and 0.1m NaCl) with a flow rate of
0.5 mLmin~'. An apparent molecular mass of the
ERPGDH monomer was also determined by SDS/PAGE
under denaturing conditions as described previously
[34]).
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Amino acid sequence comparison and phylogenetic
analysis

All sequence data, except the £. fiisrofytica PGDH origin-
ally reported in this work, were collected from public
databases, including genome sequencing project databases.
Multiple alignments for 35 PGDH and eight GDH
sequences were accomplished by the cLUSTAL w program
version 1.81 [35] with BLOSUM 62 matrix. We included
GDH sequences as we assumed that they are biochemically
parallogous to PGDH sequences and represent the closest
member of the 2-hydroxyacid dehydrogenase family. In
addition, the GDH sequence was also available from
E. histolyitea [30]. The alignment obtained was corrected by
manual inspection, and unambiguously aligned 182 sites
were selected and used for phylogenetic analysis. Data files
for the original alignment and selected sites are available
from the authors on request. The maximum likelihood
(ML), neighbor joining (NJ) and maximum parsimony
{MP) methods for protein phylogeny were applied to the
data set using the coDEML program in pamL 3.1 [36] and
PROML, PROTDIST, NEIGHBOR, PROTPARS, SEQROOT and CON-
SENSE programs in PHYLIP 3.64 [37]. In the ML analysis, an
initial tree search was done by applying PROML with the
JTT-F model for amino acic substitution process, assuming
homogeneous rates across sites. Based on the best tree
obtained, a I-shape parameter (&) of the discrete
I'-distribution with eight categories that approximates site
rates was estimated by PAML. By using the o value, a further
tree search with the JTT-F + I’ model with eight site rate
categories was done by PROML, producing the final best tree.
In the NJ analysis, ML estimates for pair wise distances
among 43 sequences were calculated using PROTDIST, based
on the Dayhoff PAM model with rate variation among sites
allowed. The NJ tree was reconstructed from the distances
using NEIGHBOR. In the MP analysis, the MP tree was
searched by PROTPARS. Bootstrap analysis for each of the
three methods was performed in the same way by applying
PROML, PROTDIST and NEIGHBOR, OT PROTPARS to 100
resampled data sets produced by seqeooT. . Bootstrap
proportion (BP) values were calculated for internal branches
of the final best tree of the ML analysis by the use of
ConseNsE. Trees were drawn by TRegviEW version 1.6.0 [38).

Results

Identification of PGDH gene and its encoded protein
from £ histolytica

We identified a putative PGDH gene (EH01468) from
E. histolytica by homology search against the £. histolytica
genome database using PGDH protein sequences from
bacteria, plants and mammals. The putative amoebic
PGDH gene contained a 900 bp ORF, which encodes a
protein of 299 amino acids with a predicted molecular mass
of 33.5 kDa and a pI of 8.11. No other independent contig
containing the PGDH gene was found, suggesting that this
PGDH gene is present as a single copy. We searched
thoroughly for other possible PGDH genes using this
amoebic PGDH gene in the E. histolytica genome database.
However, no other possible PGDH-related sequence was
found except for a previously described GDH gene {30].
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Features of the deduced protein sequence of
E. histolytica PGDH

The amino acid sequence of the E. histolyrica PGDH
(EWPGDH). showed 21-50% identities to PGDH from
bacteria, mammals and plants. EWPGDH showed the
highest amino acid identities (48-50%) 10 PGDH f{rom
both anaerobic intestinal bacteroides including Bacreroides
thetaiotaomicron, Bacteroides fragilis, Porphyromonas gingi-
valis and a ciliate protozoan parasite living in the rumen of
cattle, Entodinium caudanan and lowest identities (21-26%)
to PGDH from higher eukaryotes including mammals and
plants. For example, ERPGDH showed a 48-50% identity
to PGDH from B. thetaiotaomicron, E. coudatum, B, fra-
gilis and P. gingivalis, 35% to Methanococeus jannaschii,
33% to Archaeogiobus fulgidus and Thermoanuerobacter
tergeongensis, 31% to Bacillus anthracis, Bacillus cereus and
Caulobacter crescentus, 21% t0 Bacillus subtilis and Escheri-
chia coli, 24-26% to human, mouse, rat, Schizosaccharo-
myces pombe and Saccharomyces cerevisiae, and 21% to
Arabidopsis thaliana PGDH.

Based on the multiple sequence alignment of 35 PGDH
and eight GDH sequences also used in the phylogenetic
analysis (see below), PGDH sequences were classified into
three types: Type I, Type II and Type III. PGDH sequences
in the longest group (Type I) have a carboxyl-terminal
extension of about 208-214 amino acids (Fig, 2), which is
absent in those from the shortest group (Type IID). The
sequences with intermediate length (Type 11} also possess a
carboxyl-terminal extension of 73-76 amino acids, which
aligned with the corresponding region of the Type 1
sequences. Type II sequences lack 126-135 amino acids
present in Type I sequence (¢.g. corresponding to residues
321-448 of B. subtilis PGDH). Type Il sequences were
further classified into Type IIA and Type HB according to
the different insertion/deletion patterns in the nucleotide
binding domain. The amoebic PGDH belongs to Type I11,
together with those of Bacteroidales and E. caudatum. Type
1M sequences lack a region of 13-14 (in PGDH of Type |
and Type IIA) or 24 amino acids (Type IIB) between
Gly125 and Lys126 (of EAPGDH)} in the nucleotide binding
domain. The amoebic PGDH also lacks two regions present
in other groups; one residue between 58 and 59 of ERPGDH
(also missing in other Type III organisms and Type IIB
B. anthracis) in the substrate binding domain and five—ten
residues between amino acid 172 and 173 (Fig. 2). Type ITI
PGDH including the amoebic PGDH lack Trp139 (amino
acids numbered according to E. cofi}, which was previously
shown to be implicated for cooperativity in serine binding
and serine inhibition, and an adjacent Lys141/Argi41, both
of which are conserved among Type | and Type 1I
sequences. All the other important residues implicated in
the active site within the substrate binding domain, as
predicted from the crystal structure of E. coli PGDH
{Arg60, Ser61, Asnl08 and GIn301) [18], were conserved in
EhPGDH (Arg55, Ser56, Asnl02 and Asn272). A substi-
tution of GIn272 to Asn found in ENPGDH was also shared
by PGDH from E. cauderum and B. thetaiotasmicron.
Argb2/Lys62, which interacts with the phosphate group of
PHP [17] in Type HIA, is substituted in PGDH from the
other types. The consensus sequence Gly-Xaa-Gly-Xaas-
Gly-Xaa;-Asp, involved in the binding of the adenosine
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portion of NAD " [39], is located between amino acids 139-
162 of EhnPGDH. The His292 and Glu269, conserved
among Type I and Type II PGDH, were substituted with
lysine and threonine, respectively, in EnPGDH; identical or
similar substitutions were also observed in Type III PGDH
from E. caudatum and B. thefaiotaomicron. In contrast,
Arg240 and Asp264, also implicated for substrate binding
[40.41], are totally conserved in all organisms. Gly294,
located at the junction of the substrate and nucleotide
binding domains, forms the active site cleft and is involved
in substrate binding and serine inhibition as shown previ-
ously with the Gly294Ala or Val mutation, which affected
K, and cooperitivity of serine inhibition [42).

We also searched for putative PGDH encoding genes in
the genome and expressed sequence tag databases of other
parasitic protozoa including Leishmania, Plasmodium,
Giardia, Trypanosoma, Toxoplasma, Schistosoma, Theileria,
Cryprosporidivm, Eimeria, Trichomonas and nonparasitic
protozoan Dictyostellium discoidewn, but did not find
orthologues in these databases except for Leishmania,
suggesting that PGIDH may be exclusively present in only
a limited group of protozoa. However, as most of these
genomes have not been fully sequenced, a unique presence
of PGDH in E. histolytica, Leishmania and E. caudatum
among pretozoa cannot be ensured.

Phylogenetic analysis

The phylogenetic inference was performed by ML, NJ and
MP methods using protein sequences from 35 PGDH and
eight GDH from various organisms. We also reconstructed
phylogentic trees using only 35 PGDH sequences after
removing GDH sequences. The results were very similar to
those created with both PGDH and GDH sequences {(data
not shown). The three methods consistently reconstructed
the monophyly of Type IIA, Type 11B and Type II1 with
100% BP supports as shown in the ML tree with the JTT-
F + T" model (Fig. 3). The monophyly of GDH, a close
relationship of Type IIA with GDH, and a sister group
relationship between Type IIB and Type III were also
reconstructed  consistently among different methods,

Fig. 2. Multiple alignments of deduced amino acid sequences of PGDH
from various erganisms including Entamoeba histolytica. Based on the
multiple sequence alignment of 35 PGDH and eight GDH sequences,
PGDH sequences were classified into four types: Type I, Type 114,
Type 11B and Type III (see text). Only 12 sequences from represen-
tative organisms that belong to each type are sclected and shown in this
alignment. Fig. 3 details accession numbers, Asterisks indicate identi-
cal amino acids. Dots and colons indicate strong and weaker con-
servations, respectively (http://clustalw.genome.jp/SIT/clustalw.htmi).
Dashes indicate gaps. Functional domains implicated for catalysis of
E. coli PGDH are shown over the alignment, where junctions between
the domains are depicted by ¥. An open box in the nucleotide binding
domain indicates the NAD *-binding domain (Gly-Xaa-Gly-Xaa,-
Gly-Xaa,7-Asp) and all conserved residues implicated for the NAD™
binding are inverted (white text on black shading). Grey shading
indicates the conserved amino acids that participate in the substrate
and nucleotide binding during catalysis of E. cofi PGDH. Cpen boxes
with dotted lines indicate significant gap regions with > 10-residue
insertions/deletions. .
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although no clear BP supports were obtained except for the
latter relationship in the NJ analysis (88%, Fig. 3). The ML
iree demonsirates that the common ancestor of Type 1B and
Type 11l is located within Type I and it branchies off from the
line leading to e-proteobacteria. Various prokaryotic groups
including @-, 3- and s-proteobacteria, cyanobacteria,
Clostridiales, Actinomycetales and archaebacteria belong
to Type I, while B- and v-proteobacteria and Bactercidales
belong to Type IIA and Type III, respectively. It is worth
noting that Bacillales are not monophyletic in the tree. A
clade consisting of B. subtilis and B. halodulans and an
independent branch for S. epidermidis are located separately
in Type I, whereas B. cereus and B. antkracis belong to an
independent <lade, which was regarded as Type IIB accord-
ing to the alignment mentioned above. No monophyletic
origin was observed for eukaryotic PGDH sequences.
Mammals and plants are independently located in Type 1.
Fungi form a monophyletic clade together with Leishmania
in Type IIA. E. histolytica PGDH is located at the basal
position of Type I11, which is followed by stepwise emergence
of a ciliate protozoan, E. caudatum, and three Bacteroidales.
No part of the PGDH/GDH tree is comparable with an
accepted organismal phylogeny as inferred mainly from
small subunit rRNA sequences, demonstrating that many

lateral gene transfer events, together with drastic insertion/

deletion events, occurred during the evolution of PGDH/
GDH, and made their evolutionary history complicated,
A close phylogenetic association between EhPGDH and
PGDH from Bacteroidales suggests that theamoebic PGDH
was obtained from an ancestral organism of bacteroides by
lateral gene transfer as suggested for fermentation enzymes
(from archaea and bacteria) [43,44] and for GDH (from
e-protecbacteria) [30], or, in contrast, that Bacteroidales
obtained the gene from E. Jistolytica or E. caudarum,

Purification and characterization of rEhPGDH

The recombinant ENPGDH (rEhPGDH) protein revealed
an apparently homogeneous band of 35 kDa ofi an SDS/
PAGE gel electrophoresed under the reducing condition
(Fig. 4), which was consistent with the predicted size of the
deduced monomer of EWPGDH protein with the extra 20
amino acids added at the amino terminus. The purified
rEWPGDH protein was evaluated to be > 95% pure as
determined on a Coomassie-stained SDS/PAGE gel. We first
optimized conditions for enzymatic assays, i.e. pH, salt
concentrations, requirement of cofactors, divalent metal
ions, dithiothreitol and stabilizing reagents. rTEhPGDH was
unstable and the enzyme was totally inactivated when stored
without any preservative or additive at room temperature, 4
or —20 °C overnight, which was similar to pea PGDH. The
pea PGDH activity was stabilized in the presence of 2.5 m
glycerol or 100 mm 2-mercaptoethanol [9). Similarly, when
rERPGDH was stored in 50 mm Tris/HC] buffer, pH 8.0
containing 50% (v/v) glycerol at —~80 °C, rEnPGDH
remained fully active for more than one month. The
maximum activity of rEWPGDH for the forward reaction
(forming PHP) was observed at slightly basic pH (pH 9.0—
9.5), which decreased substantially with lower pH (results not
shown). The PGDH activity in the reverse reaction (forming
3-PGA) was greatly affected by variations of pH; the activity
was found highest at slightly acidic pH (pH 6.0-6.5).
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portion of NAD ' [39), is located between amino acids 139-
162 of EnPGDH. The His292 and Glu269, conserved
among Type I and Type 11 PGDH, were substituted with
lysine and threonine, respectively, in EnPGIDH; identical or
similar substitutions were also observed in Type III PGDH
from E. caudatwm and B. theigiotaomicron. In contrast,
Arg240 and Asp264, also implicated for substrate binding
{4041}, are totally conserved in all organisms. Gly294,
located at the junction of the substrate and nucleotide
binding domains, forms the active site cleft and is involved
in substrate binding and serine inhibition as shown previ-
ously with the Gly294Ala or Val mutation, which affected
K., and cooperitivity of serine inhibition [42].

We also searched for putative PGDH encoding genes in
the genome and expressed sequence tag databases of other
parasitic protozoa including Leishmania, Plasmodium,
Gigrdia, Trypanosoma, Toxoplasma, Schistosoma, Theileria,
Cryptosporidium, Eimeria, Trichomonas and nonparasitic
protozoan Dictyostellium discoidewn, but did not find
orthologues in these databases except for Leishmania,
suggesting that PGDH may be exclusively present in only
a Limited group of protozoa. However, as most of these
genomes have not been fully sequenced, a unique presence
of PGDH in E. histofytica, Leishmania and E. coudatumn
among protozoa cannot be ensured. :

Phylogenetic analysis

The phylogenetic inference was performed by ML, NJ and
MP methods using protein sequences from 35 PGDH and
eight GDH from various organisms. We also reconstructed
phylogentic trees using only 35 PGDH sequences after
removing GDH sequences. The results were very similar to
those created with both PGDH and GDH sequences (data
not shown). The three methods consistently reconstructed
the monophyly of Type ITA, Type 1B and Type III with
100% BP supports as shown in the ML tree with the JTT-
F + I model (Fig. 3). The monophyly of GDH, a close
relationship of Type 1A with GDH, and a sister group
relationship between Type IIB and Type II were also
reconstructed  conmsistently among different methods,

Fig, 2. Multiple alignments of deduced amino acid sequences of PGDH
from various organisms including Entamocha histolytica. Based on the
multiple sequence alignment of 35 PGDH and eight GDH sequences,
PGDH sequences were classified into four types: Type L Type 11A,
Type IIB and Type IiI {see texi). Only 12 sequences from represen-
tative organisms that belong to each type are selected and shown in this
alignment. Fig. 3 details accession numbers. Asterisks indicate identi-
¢zl amino acids. Dots and colons indicate strong and weaker con-
servations, respectively {http://clustalw.genome.jp/SIT/clustalw.html).
Dashes indicate gaps. Functional domains implicated for catalysis of
E. coli PGDH are shown over the alignment, where junctions between
the domains are depicted by ¥. An open box in the nucleotide binding
domain indicates the NAD ™ -binding domain (Gly-Xaa-Gly-Xaax-
Gly-Xa,-Asp) and all conserved residues implicated for the NAD™
binding are inverted {white 1ext on black shading). Grey shading
indicates the conserved amino acids that participate in the substrate
and nucleotide binding during catalysis of E. coli PGDH. Open boxes
with dotted lines indicate significant gap regions with > 10-residue
insertions/deletions.
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although no clear BP supports were obtained except for the
latter relationship in the NJ analysis (88%, Fig. 3). The ML
tree demonstrates that the common ancestor of Type IIB and
Type I11is Jocated within Type ¥ and it branches ofl from the
line leading to e-proteobacteria. Various prokaryotic groups
including o-, 8- and s-prowecbacteria, cyanobacteria,
Clostridiales, Actinomycetales and archaebacteria belong
to Type 1, while B- and y-proteobacteria and Bacteroidales
belong to Type IIA and Type I, respectively. It is worth
noting that Bacillales are not monophyletic in the tree. A
clade consisting of B. subtilis and B. halodulans and an
independent branch for S. epidermidis are Jocated separately
in Type 1, whereas B. cereus and B. anthracis belong to an
independent clade, which was regarded as Type 11B accord-
ing to the alignment mentioned above. No monophyletic
origin was observed for eukaryotic PGDH sequences.
Mammals and plants are independently located in Type L
Fungi form a monophyletic clade together with Leishmania
in Type HA. E. histolytica PGDH is located at the basal
position of Type IXI, which is followed by stepwise emergence
of aciliate protozean, E. caudatum, and three Bactercidales.
No part of the PGDH/GDH tree is comparable with an
accepted organismal phylogeny as inferred mainly from
small subunit TRNA sequences, demonstrating that many
lateral gene transfer events, together with drastic insertion/
deletion events, occurred during the evolution of PGDH/
GDH, and made their evolutionary history complicated.
A close phylogenetic association betwesn ERPGDH and
PGDH from Bacteroidales suggests that theamoebic PGDH
was obtained from an ancestral organism of bacteroides by
jateral gene transfer as suggested for fermentation enzymes
{from archaea and bacteria) [43,44] and for GDH (from
e-proteobacteria) [30], or, in contrast, that Bacteroidales
obtained the gene from E. histolytica or E. caudatunt,

Purification and characterization of rERPGDH

The recombinant EhPGDH (fEhPGDH) protein revealed
an apparently homogeneous band of 35 kDa on an SDS/
PAGE gel electrophoresed under the reducing condition
(Fig. 4), which was consistent with the predicted size of the
deduced monomer of ENPGDH protein with the extra 20
amino acids added at the amino terminus. The purified
rEWPGDH protein was evaluated to be > 95% pure as
determined on a Coomassie-stained SDS/PAGE gel. We first
optimized conditions for enzymatic assays, ie. pH, salt
concentrations, requirement of cofactors, divalent metal
ions, dithiothreitol and stabilizing reagents. TERPGDH was
unstable and the enzyme was totally inactivated when stored
without any preservative or additive at room temperature, 4
or —20 °C overnight, which was similar to pea PGDH. The
pea PGDH activity was stabilized in the presence of 2.5 m
glycerol or 100 mM 2-mercaptoethanol [9). Similarly, when
rEhPGDH was stored in 50 mm Tris/HCI buffer, pH 8.0
containing 50% (v/v) glycerol at —80 °C, rEWPGDH
remained fully active for more than one month, The
maximum activity of rERPGDH for the forward reaction
(forming PHP) was observed at slightly basic pH (pH 9.0-
9.5), which decreased substantially with lower pH (results not
shown). The PGDH activity in the reverse reaction (forming
3.PGA) was greatly affected by variations of pH, the activity
was found highest at shightly acidic pH (pH 6.0-6.5).
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Fig. 3. Compasite phylogenetic tree of PGDH and GDH sequences. The best tree finally selected by the ML analysis with the JTT-F + I"'model is
shown. The « value of the I-shape parameter used in the analysis is 1.283. Bootstrap proportions (BPs) by the ML method are attached to the
internat branches. Unmmarked branches have < 50% BP, For the three nodes of interest, BP values by the NJ and MP methods are also shown. The
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residues 70-121, 130-159, 174-244, 257-261 and 263-287 of the E. histolyrica PGDH sequences. The Bacteroides fragilis PGDH sequence was
deduced from the nucleotide positions between 2426073 and 2426993 of SANGER_§17.

Dissimilarly to PGDH from bacteria [8] and plant [13],
substrate inhibition of EnNPGDH by PHP was observed at
> 10 pm and reversed by the addition of salt (100-400 mm
NaCl) at various NADPH/NADH concentrations (40-
200 pm), as reported for rat liver PGDH [13]. The optimum
salt concentration for TEhnPGDH was determined to be 350
400 mm NaCl or KCl. Neither dithiothreitol nor EDTA
showed any significant effect on the ERPGDH activity.

Kinetic properties of rEhPGDH

Owing to the apparent stimulatory effect of salt on
TEhPGDH activity, as described above, we conducted

further kinetic studies in the presence of 400 mm NaCl. At
saturating concentrations of the substrate, rEhPGDH
showed an approximately cightfold higher affinity to
NADH than NADPH, and specific activity was about
threefold higher with NADH than with NADPH in the
reverse direction (Table 1). The K, for 3-PGA and NAD™
in the forward reaction was calcniated to be one order
higher than those for PHP and NADH in the reverse
reaction. We did not observe utilization of NADP™ in the
forward reaction even in the presence of high concentrations
of NADP" (0.4 mMm) and 3-PGA (5-10 mm). K, for
substrates of ENPGDH was similar to that of mammalian
PGDH [11,13], and one to two orders lower than that of
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Fig. 4. Expression and pusification of recombinant EWPGDH protein.
EhPGDH proein was expressed as fusion protein using pET-15b
expression vector and purified with Ni** -nitrilotriacetic acid column
a5 described in Materials and methods. A total cell lysate and samples
in each purification step were electrophoresed on 12% SDS/PAGE gel
and stained with Coomassie Brilliant Blue. Lanel, protein marker;
lane 2, a total cell lysate; lane 3, a supematant of the total lysate
after 24 000 g centrifugation; lane 4, an unbound {raction; lanes 5-8,
fractions eluted with 20, 35, 50 and 100 my imidazole, respectively.

Table 1. Kinefic parameters of recombinant EWPGDH. The kinetic
parameters of EhPGDH were determined as described in Materials
and methods. Mean + SD of two-to-four independent measurements
are shown. ND, not determined.

Specific activity
1

(umol'min™mg

Substrate/cofactor pH  Kn (um) protein™)
Phosphohydroxypyruvate” 6.5 150 + 1.02 167 = 1.07
NADH® 65 177+ 252 7.69 + 0.76
NADPH® 6.5 141 £ 9.02 271 =027
3-Phosphoglycerate® 9.0 212 126 083 = 002
NAD*? 9.0 867 £ 577 134 + 0.08
NADP** 9.0 ND ND

2 0.2 mm NADH used, ® 0.1 mm PHP used, © 0.2 mm NAD ™~ used,
¢ 3.0 mm 3-phosphoglycerate used, ® 0.4 mm NADP ™ and 5-10 mm
3-phosphoglycerate used.

bacterial PGDH [7). Although PGDH from E. coli was
shown to utilize 2-oxoglutarate as substrate to produce
hydroxyglutarate [45], the amoebic PGDH did not utilize
this substrate up to 5 mM either in the presence or absence
of 400 mm NaCl {results not shown). Thus, the amoebic
PGDH appeared to be specific for the PHP-3-PGA
conversion, similar to the rat liver PGDH [13]. We also
tested whether serine, which was shown to inhibit the
activity of PGDH from E. coli [7), B. subrilis [8] and a plant
[9], affects PGDH activity in both the forward and reverse
directions. In addition, we tested other amino acids, i.e. Ala,
Cys, Gly, Vai, Met, Trp, Thr, O-acetylserine, N-acetylserine,
pL-homoserine and pL-homocysteine. However, none of
these amino acids, at 10 mw, affected the enzymatic activity
of EhPGDH. No effect was observed by preincubation of
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the enzyme with serine (1-10 mm) in the presence of
dithiothreitol. The native EnPGDH was also not affected
by up to 10 mm L-serine.

Chromatographic separation of the native and
recombinant EhPGDH activities

In order to correlate native PGDH activity in the E. histo-
Iytica lysate with the recombinant enzyme, the lysate from
the trophozoites and rENPGDH were subjected to chroma-
tographic separation on a Mono Q anion exchange column
(Fig. 5). The E. histolytica total lysate showed PGDH
activity of 26.6 nmol NADH utilized per min per mg lysate
protein in the reverse direction. Thus, native PGDH
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Fig. 5. Separation of the native EhPGDH from the E. histolytica
trophozoites and rEhPGDH by Mono { anion exchange chromato-
graphy. (A) Elution profile of the native EhPGDH. The total lysate of
E. histolytica rophozoites was separated on the anion exchange col-
umn at pH 9.0 with a linear gradient of NaCl (0-1.0 m). (B) Elution
profile of the recombinant PGDH protein. The rEnPGDH protein was
dialyzed against the binding buffer and fractionated under the identical
condition. M, the absorbance at 280 nm; A, EhPGDH activity shown
by a decrease in the absorbance at 340 nmmin™ (60-fold); @, NaCl
concentration of a linear gradient.
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represents 0.2-04% of a towl soluble protein, assuming
that native and recombinant ERPGDH possess a compar-
able specific activity. E. cofi was shown to possess a
comparable amount of PGDH, which constitutes about
0.25% of the total soluble protein {7]. The PGDH activity
was eluted as a single peak at an identical salt concentration
for both native and recombinant ERPGDH. This finding,
together with the fact that the PGDH gene is present as a
single copy, indicates that the EAPGDH gene we cloned
represents the dominant and, probably, sole gene respon-
sible for PGDH activity in this parasite. To obtain an
insight on the multimeric structure, the recombinant PGDH
enzyme was subjected to gel filtration chromatography. The
PGDH activity was eluted at the predicted molecular size of
70-74 kDa (data not shown). This is consistent with a
notion that rENPGDH exists as a dimer with a monomer
consisting of 33.5 kDa plus 2.6 kDa. This observation
suggests that the amoebic PGDH enzyme exists as a
homodimer, which is different from PGDH from all other
organisms previously reported.

Discussion

In the present study, we have demonstrated that the
enteric prolozoan parasite E. histolytica possesses one of
the key enzymes of the phosphorylated serine metabolic
pathway. As far as we are concerned, this is the first
demonstration of PGDH and the presence of the
phosphorylated serine pathway in unicellular eukaryotes
including parasitic and nonparasitic protists. Taken
together with our previous demonstration of GDH,
which is involved in the nonphosphorylated pathway
for serine degradation [30], this anaerobic parasite prob-
ably possesses dual pathways for serine metabolism.
PGDH has been shown to play an essential role in serine
biosynthesis in human, but not in degradation, as
demonstrated in the penetic diseases caused by its
deficiency [12,21-23). We propose, based on the following
biochemical evidence, that this enzyme also plays a key
role in serine biosynthesis in E. histolytica.

The kinetic parameters of EnPGDH did not necessarily
support that the forward (in the direction of serine synthesis)
reaction is favoured over the reverse reaction. The amoebic
PGDH showed a strong preference toward NADH com-
pared to NAD™ (== fivefold higher X, for NAD™ than
NADH) (Table 1). Furthermore, the ameebic PGDH
showed an == 14-fold higher affinity and = 20-fold higher
specific activity to PHP than 3-PGA, which are similar to
animal, plant and bacterial enzymes [3,7.8,13]. However, a
few lines of evidence support the hypothesis thai under
physiological conditions, the forward reaction is favoured.
First, intracellular concentration of NAD™ is generally
much higher than that of NADH in the cell: e.g. the free
NAD™/free NADH ratio in the rat liver cytoplasm was
shown to be 725 : 1 [46]. Secondly, 3-PGA, an essential
intermediate of the glycolytic pathway, is present at a high
concentration [0.3 pmol{g wet weight rat liver)™] [47]
compared to the concentration of PHP [0.085 nmol-(g wet
weight rat brain)™'] [48]. Finally, the last step of the
phosphorylated pathway (conversion of 3-O-phosphoserine
to serine catalyzed by a putative phosphoserine phospha-
tase) is unidirectional.
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As far as the present data are concerned, a gene encoding
PGDH appears to be absent in other parasitic and
nonparasitic protists, including Plasmodium, Giardia,
Trypanosoma, Trichomonas, . Toxoplasma, Schistosoma,
Cryptosporidivm  and D, discoidem, although genome
sequence databases of some of these orgamisms are still
incomplete. Because the genome database from E. cauda-
fm is not currently available, we camnot rule out a
possibility that this cilliate protozoon aiso possesses the
nonphosphorylated pathway. The presence of the phos-
phorylated serine metabolic pathway may be limited only to
E. histolytica and Leishmania, a representative member of a
group of unicellular hemofiagellates which resides in the
cytoplasmic vacuoles of mammalian macrophages and in
the digestive tract of insects, and E. caudaium, an anaerobic
protozoan cilliate living in the cattle rumen. However,

Leishmania and EntamoebalEntodinium PGDH belong to:

divergent PGDH groups (Type IIB and Type 111, respect-
ively), and thus their origins appear to be distinct, as also
inferred by phylogenetic reconstructions (Fig. 3). This
differential presence and inheritance is satisfactorily
explained by a differential loss/retention model, ie. some
protists including E. histolytica, E. caudatum and bactero-
ides acquired Type Il PGDH while Leishmunia, fung,
B- and y-proteobacteria inherited Type LIA PGDH.
Sequence alignment indicated that PGDH from Bacteroi-
dales, E. caudatwm and E. histolytica are grouped together
as Type III sequences, which lack both the conserved
Trpl139 in the nucleotide binding domain and the carboxyl-
terminal extension implicated for allosteric feedback inthi-
bition of the E. coli PGDH (Fig. 2). Phylogenetic analysis
also demonstrated clearly the monophyletic origin of these
sequences with 100% BP support (Fig. 3). It is therefore
reasonable to propose that the human intestinal parasite
E. histolytica, and E. caudatum, an anaerobic protist living
in rumen of cattle, sheep, goats and other ruminants, gained
the Type Il PGDH gene from the Gram-negative anaerobic
bacteroides or their ancestral organisms which also reside in
the mammalian guts. However, an alternative possibility
could not be ruled out that lateral gene ransfer event(s)
occurred in the opposite direction from E. histolytica or
E. caudanum to Bacteroidales. It should be examined in
the future whether E. caudansn and B. thetaiotaomicron
PGDH possess biochemical properties similar to the
amoebic PGDH. This poses a possibility that PGDH and
the phosphorylated serine pathway may be involved in
cellular metabolism associated with anaerobic metabolism
as previously discussed for GDH [30]. Disclosure of the
entire genome data of other anaerobic protists, ¢.g. Tricho-
monas and Giardia, should address this question. We must
also mention that one should be cautious with such
inferences of pervasive lateral gene transfer and differential
gene loss/retention as possible causes of an observed
aberrant overall tree topology as shown by our phylogenetic
analyses. The observed phylogenetic relationship is also
explained by unrecognized paralogies and homoplasy
(e.g. a convergence to comumon function). It is also worth
noting the small length of alignment that was used in our
analyses (180 positions) and there is also a possibility of
mutational saturation.

Parasitic protists are generally known to possess a
simplified amino acid metabolism. For instance, the human
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malaria parasite Plusmodium falciparum, which resides in
erythrocytes in mammals, possess only a limited set of
enzymes involved in amino acid synthesis of Ser from Gly
and Ala from Cys and conversions between Asp and Asn
and between Glu and Gin [49]. Serine metabolic pathways
are often absent in parasitic protists; the majority of these
protists, as mentioned above, apparently lack both of the
serine pathways based on their genome data. There are two
exceptions: E. histolytica possesses both serine metabolic
pathways, and Leishmania has the phosphorylated path-
way, but not the nonphosphorylated pathway. It is not
understood why E. histolytica tetains both of the serine
metabolic pathways. However, it is conceivable to speculate
that serine metabolism piays such a critical role that dual
pathways are retained in this parasite. Serine is involved
both (a) in the production of pyruvate by serine dehydra-
tase, associated with energy metabolism [50], and (b) in
biosynthesis of cysteine, which is essential for growth,
survival, attachment [28,29] and antioxidative defense [27]
of this parasite. The presence of the nonphosphorylated
serine pathway, which we previously proposed to play a role
in serine degradation, also reinforces our premise on the
physiological essentiality of serine metabolism in this
parasite. It was previously shown that all three enzymes of
the phosphorylated pathway were induced by protein-poor,
carbohydrate-rich diet in the liver [14,51); e.g. 12-fold
increase of PGDH and 20-fold increase of PSAT activity
were observed in rat liver [47]. In contrast, the intrapetito-
neal administration of cysteine (0.5 mm) caused a 50%
decrease and complete loss of PGDH mRNA expression in
rat liver within eight and 24 h, respectivety {14}, These data
indicate, by analogy, that serine biosynthesis may also be
regulated to maintain the intracellular cysteine concentra-
tion in the amoeba. Modulation of expression of PGDH
and other enzymes involved in the phosphorylated pathway
by cultivation of the amoebic trophozoites with a variety of
amino acids is underway.

It was previousty shown that dimerization and tetrame-
rization of E. coli PGDH involves interaction between the
nucleotide binding domain and between the régulatory
domains, located at the central and carboxyl terminus,
respectively, of the two adjacent subunits {1852 The
conserved Trp139 of the nucleotide binding domain from
E. coli was shown to play an important role in the
tetramerization and also in the cooperativity and inhibi-
tion by serine {17,52}. Its side chain was shown to be
inserted into the hydrophobic pocket of the nucleotide
binding domain of one of the adjacent subunits. Site
directed mutagenesis of Trpl39 to Gly resulted in the
dissociation of the tetramer to a pair of dimers and in the
loss of cooperativity in serine binding and inhibition
[17,52). The truncated variant of rat liver PGDH, which
lacks the carboxyl-terminal domain, was shown to form a
homodimer but not a tetramer [13]. In contrast to this
report, a recent report has shown that the removal of the
regulatory domain was sufficient to elimnate serine
inhibition, but did not affect tetramerization [53). The
EhPGDH lacks both the conserved Trpl39 and the
carboxyl-terminal regulatory domain. These facts, based
on the primary structure, appear to be sufficient to explain
2 homodimeric structure of the amoebic PGDH as shown
by gel filtration. It is probable that not only Trpl39 but
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also adjacent amino acids of this region presumably
forming o-helix contribute to tetramerization of PGDH
from other organisms. The active site of PGDH contains
conserved positively charged amino acids, i.e Arg60,
Arg240 and Argl4l/Lysl4], whose side chains protrude
into the solvent accessible space of the active site cleft and
are thought to be responsible for the binding to 3-PGA,
which is highly negatively charged with the phosphate and
carboxyl groups [17]. The amoebic PGDH also contains
Arg55 and Arg217, but lacks Argl4i/Lys141, which might
partially explain a reduced affinity of the amoebic PGDH
for PHP (K,, of E. coli PGDH for PHP was one order
lower than that of the amoebic PGDH). In addition,
Arg62/Lys62 is substituted with Asp in Type 11I PGDH,
which may also contribute to the observed reduced affinity
to PHP, as previously shown in the mutational study
(Arg62Ala) for E. coli PGDH [17). The Asp-His pair or
Glu-His pair, which makes up the so-called charge relay
system, was previously implicated for efficient catalysis for
many dehydrogenases [40,41]. The important residues
implicated in the pairing in the active site histidine/
carboxylate couple, as predicted from the crystal structure
of E. coli PGDH (Arg240, Asp264, Glu269 and His292)
[18] were almost identical in EnPGDH (Arg217, Asp24]
and Lys263), but G269 was substituted with an
uncharged amino acid Thr245 (in E. histolytica), similarly
1o B. thetaiotaomicron PGDH (Ala253) and E. caudatum
PGDH (Asn265), respectively. His292 of E. coli PGDH
was replaced with positively charged Lys263 in PGDH
from E. histolytica, E. caudatwm and B, thetaiotaomicron.
Tt is worth noting that Hisi87 in EhPGDH (His210 of
E. coli) is totally conserved in all 35 organisms (results not
shown), suggesting the importance of this residue. We are
currently examining a role of His187 in the proton relay
system by mutational studies.
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In mammals, Rab6 and Rab? play a specific and coor-
dinated role in a sequential process during phagosome
maturation. Here, we report that Rab5 and Rab7 in the
enteric protozoan parasite Entamoeba histolytica,
ERRabs and EhRab7A, are involved in steps that are
distinct from those known for mammals. EARab5s and
EhRabTA were localized to independent small vesicular
structures at steady state. Priming with red blood cells
induced the formation of large vacuoles assoclated with
both EhRabb and EARab7A (“prephagosomal vacuoles
(PPV)™) in the amoeba within an incubation period of
5-10 min. PPV emerged de novo physically and distinct
from phagosomes, PPV were gradually acidified and ma-
tured by fusion with lysosomes containing a digestive
hydrolase, cysteine proteinase, and a membrane-perme-
abilizing peptide amoebapore. After EARabs dissociated
from PPV, 5~10 min later, the ERRab7A-PPV fused with
phagosomes, and EkRab7A finally dissociated from the
phagosomes. Immunoelectron and light micrographs
showed that PPV contained small vesicle-like structures
containing fluid-phase markers and amoebapores,
which were not evenly distributed within PPV, suggest-
ing that the mechaniem was similar to multivesicular
body formation in PPV generation. In contrast to Rabb
from other organisms, EhRabb was involved exclusively
in phagocytosis, but not in endocytosis. Overexpression
of wild-type EARab5 enhanced phagocytosis and the
transport of amoebapore to phagosomes. Conversely, ex-
pression of an EARab5Q67L GTP form mutant impaired
the formation of PPV and phagocytosis. Altogether, we
propose that the amoebic Rabb plays an important role
in the formation of unigue vacuoles, which is essential
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for engulfment of erythrocytes and important for pack-
nging of lysosomal hydrolases, prior to the targeting to
phagosomes.

Phagocytosis is a critically important element of host defense
against invading pathogens in higher organisms and its molec-
ular mechanism in professional phagocytes, e.g. macrophage,
has been extensively studied at the molecular level (1, 2). A
nirmber of steps including cell surface binding to ligands and
the activation of a signaling pathway leading to P-actin polym-
erization have been identified as essential for phagocytosis. In
addition, membrane trafficking plays an important role in the
eantrolled maturation of phagosomes. The maturation is ac-
companied by sequential fusion with the endoeytic compart-
ment to forin a phagolysosome, and is orchestrated by small
GTPase, Rab proteins, which act as molecular switches regn-
lating the fusion of vesicles with target membranes through the
conformational change between active (GTP-hound) and inac-
tive (GDP-bound) forms (3). It has been reported that Rab5s and
Rab? play an important role in the maturation of phagosomes
in macrophages (4).

Rab5 was initially shown to be localized 1o early endosomes
and the plasma membrane, and invelved in endocytosis and the
endesome fusion (5, 6). Rab5 was also observed on nascent
phagosemes, and has been implicated to play an important role
in the fasion between phagosomes and eariy endosoines (7-9).
Expression of the GTP form Rab3Q67L mutant or down-regu-
lation of wild-type Rab5 by antisense oligonucleotides per-
turbed the regulated fusion between phagosomes and endo-
somes, and resulted in the formation of giant phagosomes in
the former case, and reduced activity for killing of ingested
bacteria because of the inhibition of phagosome maturation in
the latter case (8, 9). In addition to Rab5 per se, some of the
Rabb effectors that were implicated in endesome fusion, eg.
EEA1 and phosphatidylinositol 3-kinase (Vps34) (10, 11), also
have been identified on the phagosome membrane, suggesting
that phosphoinositide metaholism is important for phagosome
maturation as seen in the endoeytic pathway (12, 13). Rab7 has
been implicated in late endosomal membrane trafficking in the
endocytic pathway (14}, and also in the late stage of phagosome
maturation (4, 18). Altheugh a specific role for Rab7 during
phagucytosis has not yet been well demonstrated, some intra-
cellular microorganisms have been reported to be capable of
blocking the maturation and acidification of phagosomes by
interfering with Rab7 (15, 16). It has also been recently dem-
onstrated that a novel effector protein, RILP, is recruited to the
phagosomal membrane by Rab7, which promotes fusion be-
tween phagosomes and lysosomes (17).

49497

183



194

49498

Besides professional phagocytes from higher eukaryotes,
some unicellular organisma such as Dictyostelium discoideum
and Entamoeba histolytica show an inherent ability of phago-
cytosis. E. histolytica, an enteric protozoan parasite that causes
an estiniated 50 million cases of amebiasis: amebic colitis,
dysentery, and extraintestina) absccsses (18), and 40,000--
100,000 deaths annually (19), colonizes the human gut and
engulfs foreign cells including microorganisms and host eells.
Phagocytosis has been implicated to be closely associated with
the pathogenesis of the amoeba because phagocytosis-deficient
amoeba mutanis were shown to be avirnlent (20). Although a
namber of amoebic molecules involved in attachment, phago-
cylosis, and degradation of microorganisms and host cells have
heen identified including galactose/N-acetylgalactosamine
(Gal/GalNAc)-inhibitable lectin (21, 22), cytoskeletal proteins
and their associated reguiatory molecules (23-25), cysteine
proteinases (CP),* and pore-forming peptides (e amoeba-
pores) (26, 27), the molecular mechanism of phagocytosis in
this parasite remains largely unknown,

We presumed that Rab profeins also piay an essential and
cenitral role in the regulation of phagocylosis and endocylosis in
E. histolytica. We and other groups (28-31) have reported
about 20 EARab genes. An additivnal 50 putaiive Rab genes
showing significant homology to Rab from other organisms
were found in the E. histolytica genome data base (data not
shown, www ligr.org). A few ZhRab proteins have been shown
to participate in phagocytosis. EhRabB was shown to be located
on the plasma membrane and phagoecytic mouths in the early
phase (up to 5 min) of phagocytosis (29). Putative EARab7 and
EhRabl1 proteins were reported to be abundant in the endo-
some fraction labeled with iron-dextran, similar to their puta-
tive homologues from mammals (80). To dissect the molecular
mechenism of Rab proteins involved in the phagosome biogen-
esis in Entumoeba, we characierized, in the present. study, two
amebic Rab proteins, ERRab5 and ERRabT7A, that show signil-
jeant homology to mammalian and yeast counterparis. The
amoebiec Rab5 homologue has several unique characteristics
that. are dissimilar to those of the mainmalian and yeast Rabb.
First, EhRabb is primarily involved in phagocytosis, not endo-
cytosis. Second, in contrast to mamnatian Rab5, which is im-
mediately recruited to phagosomes after the engulfment of
hacteria or heads, EARab5 is not recruited directly to phago-
somes, but colocalizes with EiRah7A, forming prephagosnmal
vacules (PPV) prior to fusion with phagosomes. Third,
EhRRabb is required for the formation of PPV and efficient
engulfiment of red blood cells. Fourth, ERRab5 plays an impor-
tant role in the transport of the major membrane-permeabiliz-
ing peptide amoebapore. Therefore, in conjunction with
EhRabTA, EhRab5 plays a key role in the biegenesis of phago-
sumes by regulating the formation of PPV and transport of
membranolytic and hydrolytic factors during phagocytosis in
this parasite.

EXPERIMENTAL PROCEDURES

Organism and Culture-E. histolytica trophozoites of HM-J:IMSS cl
6 (32) were cultured axenically in BI-5-33 medium at 35 °C as deseribed
previeusly (33).

Tsolation of EhRabs ond EbRub7A cDNAs—A full-length EkRabs
c¢DNA was obtained by a degenerate PCR approach, followed by 6% and
3"-rapid amplification of cDNA ends as previously described (28), A
full-length ERRub7A gene was obtained by reverse transeriptase-PCR
using oligonucleotide primers designed based an sequences previously
reported (30, 34). We identified at least eight genes showing significant

! The abbreviations used are: CP, eysteine proteinase; FITC, flnores-

" cein isothiocyanate; PPV, prephagosomal vacuole; GFP, green flucres-

cent protein: PBS, phosphate-buffered saline; HA, hemagglutinin;
ERRabh5, Entamoeba histolytica Robb; EhRab7A, Entamocba histolvtica
Rab7h.
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‘homology to Rab7 from other species (data not shown). We designated

the EhRab7 gene showing highest homology to mammalian and yeast
Rab7 as EhRab?A in the present gtudy and describe the charscteriza-
tion of other ERRab7 irotypes elsewhere.

Plosmid Constructions lo Produce Transgenic Amoeba Lines—
EhRabs and EkRab7A ¢DNA fragments were amplified by PCR using
sense and antisense oligonucleotides containing appropriate restriclion
sites at the end. Three tandem repeats of hemaggulutinin (HA) or c-Myc
tags, made of annealed complementary oligonucleotides, were inserted
in the engineered Nhel site, which was located at the fourth or second
amino add codon of EARabs or EhRab7A cDNA fragments, respectively
(Fig. 1). An expression plasmid, pEhEx, contains the 5'-flanking region
cystaine synthase gene (ABOO0266) containing a putative promoter
(35), Bglll and Xhol sites between cysteine aynthase 5'- and 3'-flanking
regions to insert a gene of interest, cysteine synthase 3'-flapking re-
gions and neomycin resistance gene flanked by the &' and 3’ regions of
actin gene, obtained from pA5’A3'NEO (36). for drug selection. The
SHA-EhRubS ¢DDNA fragment was inserted inio the Bglli-Xhol sites of
pEhEx 1o produce pif5. For construction of 2 plasmid o cv-express
ERRab% and ERhRab7A (pH5-M7), a 1.7-kb fragment containing the
3Myc-ERRabTA protein-coding region flanked by cysteine synthase §'
and 3’ regions was ¢loned inlo the Spel site of pHE. ERRabSQ67L and
EhRabsS22N mutants were constructed by PCR-mediated mutagenesis
{37). Two EARabb mutants were fiused with the 3-HA tag and cloned to
pEhEx to produce pHSL or pHEN, respectively. Plasmids to co-express
either EARab5QS7L or ERRab5822N and EARab7A were constructed
45 deseribed above (PHSL-M? or pHSN-M7, respectively). A plasmid to
express green fluorescent protein (GFP-EhRabd fusion protein in
amoebae was constructed. GFP was amplified by PCR from GIR222 as
a template (38), and cloned into pKT-3M, which contained the cysteine
synthase promoter, 3-Myc tag, and Smal and Xhol restriction sites to
produce pKT-MG. The EkRab5 protein coding region without the stop
codon was ligated inte Smal-Xhol sites of pET-MG to produce pKT-
GFP5. Detailed information, e.g. nucleotide number based on sequences
deposited in the data base and positions of inserted restriction sites and
3-HA or 3-Myc epitope, are alse shown in Fig. 1B.

Establishment of Epilope-tagged EhRob-expressing Amoebo Cell
Lines—Wild-type trophozoites were transformed with plasmids by lipo-
some-mediated transfection as previously desaribed (39). Transfor-
mants were initially selected in the presence of 8 pg/ml of Geneticin
(Invitrogen). The Geneticin concentration was gradually increased to
620 pg/ml during the following 2 weeks before the transformants were
subjected to analyses. ;

Antibodies—Affinity purified anti-E/iRab5 or anti-EkRab7A rabbit
antibodies were commenrcially produced at Oriental Yeasts Co, (Tokyo,
Japan)} using recombinant amino-terminal glutathione S-transferase
fusion proteins purified uging glutathione-Sepharose 4B (Amersham
Biosciences). Anti-HA 16B12 and anti-Myc SE10 mouse monoclonal
antibodies were purchased from Berkeley Antibody Co. (Berkeley, CA).
Alexa Floor anti-mouse ang anti-rebbit IgG were oblained from Molec-
ular Probes (Eugene, OR). Anti-amochic CP2 and human band 3 rabbit
antibodies were gifts from Tris Bruchhaus and Egbert Tannich (40), and
Yuichi Takakuwa (41}, respectively. The production of anti-amoebapore
A antibody was previously described (42),

Indirect Immunofiuorescence—Amoeba transformants in a Togarith-
mic growth phase were harvested and transferred to 8-mm round wells
on glass slides and incubated for 30 min at 35 °C to Jet trophozoites
attach to the glass surface. Gerbil red blood cells were added to each
well at 107 cells/ml and incubated for 5-50 win at 35 °C. An indirect
immunofluorescence assay was performed as follows. Amoehae were
fixed with 8.7% paraformsldehyde in phosphate-buffered saline (PBS)
for 10 min at reom temperature. Ingested red blood cella were stained
with diaminobenzidine (0.54 mM 3,3'-diaminchenzidine, 0.046% H,0,,
and 50 my Tris-HCL, pH 9.5) for 5 min (43). Cells were then permeabi-
lized with 0.05% Triton X-100. PBS for 5 min. Samples were reacted
with 16B12 {1:1000), 9E10 (1:400), anti-amoebapore A antibody (1:
16040), or affinity-purified anti-EARabs, anti-ERRabTA, or CP2 antibody
(1:200). In most experiments, we used a rabbit antibody raised against.
recombinant £ARab5, amoebapore, and CP, and anti-Mye mouse anti-
body to detect 3Myc-ElRab7A unless mentioned otherwise. The sam-
ples were then reacted with Alexa Fluor anti-meuse or anti-rabbit IgG
1:1000). The monse monoclonal antibodies gave no backgronnd signal
in the non-transformants because of nonspecific antibody binding under
the conditions described above. For the staining of endosomal and
lysosomal compartments, amoebae were pulsed with either 2 mghnl
FITC-dextran (Sigma) for 10 min or LysoTracker™ Red DND-99 (Mo-
lecular Probes) (1:500) for 12 h al 35 °C. Samples were examined on a
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Fic. 1. Plasmide used to express epitope-tagged EARab5s and EARab7A in E, histolytica. A, consiruction ard schenatic representation
of the plasmids. All plasmids shown are devivatives of pBluescript S I+, CS5', CS3', Act5 ', Act3’, or Neo, b’ upstream or 8' downstream from
the cysteine synthase gene, 5" upstream or 3' downstream from the actin gene, or the neomycin resistance gene, respectively. Only representative
constructs {o express wild-type EfRab5 and EhRab7 and GFP are shown. B, nucleotide and amino acid sequences of selected regions of the
expression cassette for EkRab5, EkRab7A, and GFP are shown. Nucleotide (n£) number of genes deposited under accession numbers (in
parentheses} is shown. Amine acid sequences are shown above nucleotide sequences. (4 ), (ASSKKKEPL), or (P @) depict inserted amino acids
because of engineered restriction sites shown below the nudeotide sequences. An asterisk (*) depicts the stop codon. Restriction sites are
underlined. EhRab5, ERRab7A, and GFP open reading frame are italicized,

Zeiss LSM5 10 confocal laser-scanning microscope, ITmages were farther
analyzed using LSMB610 software.

Yime-lapse Microscopy—Amoeba transforinants expressing GFP-
EiRabb were plated onto a 35-mim glass-bottom culture dish (0111100,
Matsunami Glass Ind, Ine., Osaka, Japan) to settle amoechae at. 30 °C.
After the medium was removed, the glass chamber was enclosed by a
glass coverslip. Time-lapse microscopy was performed with a Leica AS
MDW system on a Leica DM IRE2 inverted microscope. Images of 18
slices (1.5 #m apart on the z-axis) were captured at 2.55-3 intervals.
This z-spacing was optimized to: 1} monitor the entire depth of amoebae
from the top to the bottom, and 2) te sccomplish fast capturing of a
moving amoeba. Obtajned raw images were further deconvoluted using
Leica Deblur softwara, For each time point, images were three-dimen-
sicnally reconstituted and only a selected plane containing a PPV or a
GFP-EkRab5-associated compartment was shown.

Immuncelectron Microscopy~Immunoelectron microscopy was per-

formed by pre-embedding lobeling method (44). Amoebae were trans-
ferred Lo slide glass and incubated with red blood cells for 10 min as
described above. Samples were prefixed with 3.7% paraformaldehyde,
PBS for 20 min, and then incubated with 0.1 M glycine, PBS, and
permeabilized with 0.1% Trifon X-100. Samples were reacted with
anti-amoebapore A (1:50), and subsequently with a geat anti-rabbit 1gG
conjugated with 5-nm gold (1:30). These cells were embedded into 2%
soft.agar, and further fixed with 0.1% 0s0,, PBS for 30 min followed by
dehydration, and emmbedded in Epon 812 (TAAB Laboratories Equip-
ment LTD.. UK). Ultrathin sections were made on an LXB-uliramic-
rotome (LKB-Produkter, Bromma, Sweden), and sections were stained
with uranyl acetate and examined with a Hitachi-H-700 electron
microscope.

Measurement of FITC-dextran Uptake-—Transformants were cul-
tured in BE-53-33 medium containing 2 mg/ml of FITC-dextran for given
periods at 35 °CC. After the incubation, cells were washed three times
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F1c. 2. Comparison of amino acid sequences of Rabs and Rab7
from E. histolytica, human, and yeast. A, sequence alignment of
EhRab5, Homo supiens Rabba, and Saccharomyces cerevisiae Ypt5ip,
B, sequence slignment of EiRabTA, H. sapiens Rab7, and 3. cerevisiae
¥pi7p. Sequences were aligned by DNASIS (Hitachi Software Engi-
necting Co.). Amino acid residues conserved among al least twe species
are shown in reverse type. The GTP-binding consensus sequences, the
effector region, and the o2 helix are depicted by gray burs, black bars,
and double lines, respectively, below the sequences. Computer-gener-
ated gaps are shown as dashes.

with 8 ml of ice-cold PBS containing 2% glucose, and solubilized with 5
mu Tris-HCL, pH 7.0, containing &.1% Nanidet P-40, and 10 pg/ml of
trans-epoxysuceinyl-L-leucylamido-(4-guanidinajbutane (E-64). Fluo-
rescence emission at 520 nm was measured with excitation at 490 nm
on a fluorescence spoctrophotometer (VersaFluor Fluorometer, Bio-
Rad) and compared with standards of known concentrations.

RESULTS

Identification of Entamoeba Homologues of Rab5 and Rab?
(EhRabs and EhRab7A)—We isolated cDNAs coding for a pu-
tative homologue of Rabs and Rab7, and designated them
EhRub5 and ERhReb7A, respectively. EhRab5 and EhRab7A
showed 45 and 48% identity o mammalian Rab5 and Rab7,
respectively. The effector region and o2 helix loop, which are
important ta the specificity of Rab proteins (45), were well
conserved ameng mamnmalians, yeasts, and E. histolytica
(Fig. 2).

To examine whether the amoebic Rab5 and Rab7A play a
role similar to that i other organisms, we attempted to rescue
defects of a yeast Aypt51/Avps21 nmtant {46, 47) and Ayp#7
mitant {14} through ectopic expression of EhRab5 and
EIRab7A, respectively. Overexpression of £/:Rabf on a single-
copy plasmid under the regulation of a GALI promoter did not
coplement. either the fragmented vacuole morphology or a

Entamoeba Rebb in Phagocytosis

temperature-sensitive growth defect in Aypt51/Avps21 cclls:
(data mot shown). Neither did overexpression of EhRab7A in
the Aypt7 mutant rescue vacuole fragmentation (data not
shown). These results indicate that amoebic Rabb and Rab7A
play a role distinet from that of yeast Ypt51p and Ypt7p.

Dynamics of ERRabs and EhRab74A during Phagocytosis and
Identification of Unigque PPV Associated with EhRebs and
EhBab7A--We examined the subeellular localization of
EhRab5 and ERRab7A during phagocytosis of red blood cells.
We oomstructed a stable transformant that constitutively ex-
pressed an 3HA-tagged ERRah5 and a 3Myc-tagged ERRab7A.
EhRal5 and EhRabTA were estimated to be overexpressed by
3-5. and 1.5-2-fold, respectively, in the transformant when
compared with wild-type cells by guantitation of immunoblots
nsing an antibody raised against recombinant EARabS and
ElRab7A (data not shown). Neither expression of the epitope-
tagged EhRab alone nor co-cxpression of both epitope-tagged
EhRab5 and ERRabTA affected cell growih or morphology {see
below and Fig. 8A).

Immunofluorescence imaging vsing anti-EAiRabS and anti-
Myc antibody, the lalter of which reacts with 3Myc-tagged
EhRab7A, showed that, at steady state (i.e. without red blood
cells), EhRab5 and EARab7A were localized to siall non-over-
lapping vesicles throughout the cytoplasm (Tig. 3, A-D). The
distribution of EARab5 and EARab7A dramatically changed
upon incubation with red blood cells. After 5 min, large vacu-
vles (4.0 = 0.9 pm in diameter) that colocalized with both
EhRRab5 and ERRab7A emerged (Fig. 3, E-H). At 10 min,
ERhRab5 began to disseciate from some of these vacuoles,
whereas ERRab7A remained associated with them (Fig. 8, I-L).
These ERRab5/EhRabTA-positive vacuoles also formed in the
amoebae that did net ingest red blood cells {(a trophozoite in
Fig. 3, E-H, and a trophozoite on the right in Fig. 3, I-L). We
designated these vacuoles PPV as this compartment emerged
prior to fusion with phagosomes (see below). At 30 min, when
the amoebae ingested an average of 3--4 red blood cells per cell,
EhRal5/ERRab7A  double-positive PPV  disappeared and
EhRab5 dispersed into the cytosol as seen at steady state.
Approximately 40% of phagocytosed red blood cells were sur-
rounded by ERRabTA (Fig. 3, N, P, and @). ERRab5 was not
localized to phagosomes containing red blood cells at any time
point (Fig. 3, A, E, I, and M), which is in good contrast to the
dynamics shiown for mammalian Rab5 in macrophages, where
phagosomes are shmultaneously associated with both Rab5 and
Rab7 (4).

To unequivocally demonstrate the dynamies of the matura-
tion of PPV and phagosomes, we counted (i) EhRah5/EARab7A
double-positive PPV, (ii) ERRab7A single-positive PPV, (iil)
EhRab7A positive phagosomes, and (iv) EARab7A negative
phagosomes (Fig. 3Q). The number of these vacuoles per cell
changed during the course of phagoeylosis. The number of
EhRab5/ERRabTA double-positive PPV peaked at 5 min and
gradually decreased after 10 min, whereas the number of
EhRab7A single-positive PPV increased at 5-10 min, and re-
mained elevated up to 30 min. The proportion of EiRabb/
EhRab7A double-positive PPV among all PPV (e ¥/ + ii)
sharply decreased between 5 and 30 min (78, 37, and 8% at 5,
10, and 30 min, respectively). The number of phagosomes in-
creased linearly during 30 min (0.8 per cell at. 5 min o 5.3 per
cell at 30 min). However, the proportien of ERRab7A-positive
phagosomes among ali phagosomes (e i1/l + iv)) did not
significantly change during the course (80~ 40%), These results
support the following moedel: 1) upon interaction with red blood

_cells, ERRab5/ERRabTA double-positive PPV forms; 2) BkRab5

is dissociated from ERRab5/EiRabTA double-positive PPV; 3)



Fic. 3. Subcellular localization of
EhRab5 and EhRab7A changed dur-
ing red blood cell phagocytosis. A-P,
subcellular localization of EkRab5 and
ERRab7A was examined by immuno-
flaorescence assay using the amoeba
transformant co-expressing JHA-tagged
EhRab5 and 3Mye-tagged ERRab7A in
the absence of red blood cells (A-D), or
after 5 (E-H), 10 (I-L), and 30 min (M-P)
incubation with red blood cells. Localiza-
tion of EkRab5 and EARabTA was exam-
ined with anti-ERRab5 antibody (green;
A, E, [, and M) and anti-Mye monoclonal
antlbody (red; B, F, J, and N}, respec-
fively. Merged images of EiRab5 and
EhRabTA (C, G, K, and O) and phase-
confrast images under transmission light
(D, H, L, and P) are also shown. Large
agrrowheads show EhRab3/ElRab7A-
containing PPV (E-K). Smell arrowheads
(N-P) show EhRab7A-positive phago-
somes, Thick arrows f, X, N, O, and P)
indicate EhRab7A-PPV, not associated
with EkRab5. A thir arrow (L) indicates
an engulfed red blood cell associated with
neither EARabS nor ERRab7A, §, quanti-
tative analysis of E2Rab5 and ERRab7A
localization to PPV and phagosomes dur-
ing erythrophagoeytosis. Tho number of
EiRab5/ERRabTA double-positive PPV
(open bars; also marked as 5/7A-PPV),
EhRab7A single-positive PPV (gray bars:
7A-PPV), EfRab7A-positive phagommes
(hatched bars; 7A-phogosome), and
EkRab?A-negahve phagosomes (fitled
bars; phagosam) per ¢ell is shown at 5,
10, and 30 min after the addition of red
blood cells. R~1J, subcellular localization
of EiRab7A was examined by immunoflu-
orescence assay using wild-type amoebae
and anti-EERab7A antibody in the ab-
gence of red blood cells (R and 8) or after
a 10-min (7" and ) incubation with red
blood cells. Panels § and U show phase
images of panels R apd T, respectively.
Arrowheads in T and U depict PPV, Vand
W, three-dimenstonal sections of the
amoeba containing red blood cell showing
the presence of red blood cells in phago-
somes, but not in PPVY. Localization of
PPV and red blood cells was examined
with anti-EhRabs antibody (green, arrow-
heads) and anti-band 8 antibody (arrows,
red), respectively. Among 17 z-sections
(l-y.m intervals) obtained with confocal
laser scanning microscopy, only one rep-
resentative xy section, together with se-
lected xz (green line), and yz (red line)
sections, are shown, W shows a phase im-
ageof V.
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EhRab7A is subgequently targeted to phagosomes; and 4)
ERRabTA is finally dissociated from phagosomes.

We also verified that PPV was not an artifactually misiden-
tified phagosome, i.e. the phagosorme that contains debris of red
blood cells, but iz not stained by diaminobenzidine because of
loss of its content. To exclude this possibility, we used an
antibody raised against a major component of the membrane
cytoskeleton: of red blood cells, band 3 (48). The anti-band 3
antibody clearly reacted with red blood cells in phagosomes
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10 min

Rab7A

non-transformant amoeba
Rab7A

G min

10 min

30 min

(Fig. 3V, red, arrow), whereas none of the EhRab5-positive PPV
was reacted with the antibody (green, errowheads). In addition,
localization of red blood cells by diaminebenzidine staining or
anti-band 3 antibody agreed very well (Fig. 3, ¥ and W). These
results clearly showed that PPV are distinct from phagosomes,
The PPV formation was not s secondary defect caused by ex-
pression of epitope-tagged EhRab5 and EiRab7A because it
was alse observed in wild-type amcebae at a comparable fre-
quency, as detected by the antibodies raised against recombi-
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Fic. 4. Immunofiuorescent micrographs showing cross-talk
between early sndosomes and PPV. A, the amoebae were pulsed
with 2 mg/ml FITC-dextran (green) for 10 min, washed with PBS, and
then subjected to immunoflucrescence assay using anti-HA anlibody to
probe 3HA-tagged EhRab5 {red). Yellow arrowheads indicate endocy-
tosed FITC-dextran. B, the amoebae were pulsed with FITC-dextran in
the presence of red blood cells for 10 min, and then subjected to immu-
nofluorescence assay. A yellow or white arrow indicates an EkRabb-
associated PPV that contains or does not contain endocytosed FITC-
dextran, respectively. A yellow arrowhend depicts the endocytosed
FITC-dextran that is not associated with EARabS5 in the cytoplasm.,
Bars, 10 pm.

nant EhRab5 and EARahTA (Fig. 3, R-U; data of ERRab5 not
shown).

ERRab5 Is Not Associated with Endosomes or Lysosomes but
Exhibits Cross-talk with These Compartments during Matura-
tion of PPV—To see whether ERRab5 is associated with endo-
somes, we examined eolocalization of an endocytosed fluid-phase
marker, FITC-dextran, and EhRabb. Amoebac were either incu-
hated with FITC-dextran for 10 min to label the early endosomes
or incubated with FITC-dextran for 10 min and further chased
without FITC-dextran for 45 min to label the late endosomes, and
then subjected to immumofluorescence assay using anti-HA an-
tibody that recognizes ERRabb (Fig. 44). Endocytosed FITC-
dextran and EhRab$ did not colocalize at either 10-min pulse
(Fig. 44) or at the 10-min pulse followed by a 45-min chase (data
not shown). These findings iraply that the EARab-positive com-

_partroent is neither early nor late endosomes.

When amoebae were simultaneously: incubated with red
blood cells and FITC-dextran for 10 min, 30% of PPV contained
endocytosed FITC-dextran {Fig. 4B). When the amoebae were
pulsed with FITC-dextran for 10 min and chased for 45 min to
label the late endosornes, and further incubated with red blood
cells for 10 min, the extent of colocalization of FITC-dextran
and PPV was comparable {26%) (data not shown). These results
suggest that PPV fuse with both early and late endosomes
during maturation.

To assess where and how PPV are formed during phagocy-
tosis, we examined the dynamics of E2Rab% using the amoeba
transformant expressing GFP-ELhRab5 under time-lapse mii-
croscopy. Images of 18 planes of the z-section with 1.5-pm
intervals to cover from the top to the bottom of the cell were
recorded at 2.85-s intervals. This allowed us to evaluate the
detailed dynamism of PPV formation. After a few minutes of
eoincubation with red blood cells, an EhRabb-positive vacnole
suddenly emerged in less than 20 s. Neither plasma membrane
invagination nor ruffling were observed during this periad,
suggesting that PPV forms de nove (Fig. 5).

We also excluded a possibility that PPVs are micropittosomes
or phagosomes. Pirst, the fact that only a miner proportion of
PPV contained FITC-dextran at 10 min (Fig. 4B) suggests that
PPVs are not formed by invagination of the plasina membrane-
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F15. 5. Time-lapse micrographs of an amoeba expressing GFP-
ERRab$, showing de nove formation of PPV. Amocbae were mixed
with red blood cells, and then images of a stack of 18 sections along the
z-axis (every 1.5 nm) were immediately recorded every 2.85 s. From
each time point, a representative section showing EftRab5-associated
vesicle or vacuole during the course of PPV formation was chosen to
show Lhe de rove generation of PPV at. a site indicated by the arrow-
heads. Times in seconds are also shown. Bars, 10 pm,

like macropinosomes, which form by the closure of membrane
ruffles and contain a fluid-phase marker (49, 50). Second, PPV
is formed in a range of 10 s (Fig. 5), much faster than macropi-
nosomes or phagosomes (49, 51). Membrane closure of macropi-
nosomes and phagosommes was previously shown to cccur in 1
and 5 min, respectively. Third, the major Gal/GalNAc lectin on
the plasma membrane was abundantly demonstrated in pha-
gosomes by proteomic analysis of phagosome proteins during
the course of phagosoine maturation (from 0 min to 2 h after
ingestion)? but was not demonstrated on PPV by inununofluo-
reseence study using a specific monoclonal antibody against
heavy or intermediate lectin subunits (data not shown). These
results strongly argue against two possibilities: 1) PPV origi-
nates from the plasma membrane, and 2) PPV is a rermmant of
phagosomes.

Acidification of phagosomes has been shown to oceur by
fusion with late endosomes and lysosomes in mammalian cells
(52). We examined by using LysoTracker Red, a membrane-
diffuisible probe accumulated in acidic organelles (53), whether
the PPV and phagosomes of the amoeba are acidified during
maturation. Amoebae were pulsed with LysoTracker and then
subjected to immunofluorescence assay. At steady state, nei-
ther ERRabb (Fig. 84, left) nor ERRabTA (Fig. 84, right),
probed with anti-HA or anti-Myc antibody, respectively, colo-
calized with LysoTracker. After a 5-10-min incubation with
red blood cells when ELRab7A-positive PPV were formed, only
20-30% of PPV contained LysoTracker, suggesting that PPV
were only partially acidified in the early stage (Fig. 6, B, upper
panels, and C, data at 5 min not shown). After 30—40 min, a
large proportion (50-70%) of PPV became acidified (Fig. 6, B,
lower panels, and C).

PPV Are Involved in the Transport of Amoebapore to Phago-
somes—We then examined which cargo proteins were trans-
ported via PPV. Among several hydrolases and membrane-
permeabilizing factors involved in the degradation of
internalized host eells and microorganisms, e.g. CP (26), amoe-
bapores (27), Lysozyme (54), and phospholipases (55), we tested
whether amoebapore A and CP2 were transporied to phago-
somes via PPV, Immunostaining of amoebapore and CP2 using
spevific antisera showed similar patterns {o those obtained
with LysoTracker in the absence of red blood cells (Fig. 74, 0

2 M. Okada, C. D. Huston, B. J. Mann, W. A, Petri, Jr., K. Kita, and
1", Nozaki, submitted for publication.



