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Trypanosoma cruzi possess the cysteine biosynthetic pathway. E.
histolytica is the enteric protozoan parasite that causes amoebic col-
itis and extraintestinal abscesses (hepatic, pulmonary and cerebral)
in inhabitants of endemic areas and is estimated to cause severe
disease in 48 million people, killing about 70,000 each year [15].
While E. histolytica synthesizes L-cysteine via sulfur assimilatory
pathway like plants and bacteria, it lacks, based on the genome
information, both forward and reverse trans-sulfuration pathways
[16,17], which makes this organism, together with T. vaginalis, very
unique. In this organism, L-cysteine is essential for the synthesis of
various proteins and the Fe-S cluster of Fe-S proteins such as ferre-
doxin and pyruvate:ferredoxin oxidoreductase. L-Cysteine has also
been shown to be necessary for growth, survival, attachment, and
anti-oxidation in this parasite [17,18].

The recent disclosure of the whole genome [19] revealed that E,
histolytica possesses three isoenzymes each of CS and SAT [18,20].
We previously demonstrated the biochemical features of two CS
isoforms (EhCS1and EhCS2) [16,21], and one SAT isoform, EhSAT1
hereinafter, [ 17]. In the present study, we biochemically character-
ized the two remaining SAT isotypes (EhSAT2 and EhSAT3), and
compared kinetic parameters as well as their feedback-regulatory
mechanisms.

2. Materials and methods
2.1, Chemicals

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

2.2. Microorganisms and cultivation

Trophozoites of the E. histolytica clonal strain HM1: IMSS cl
6 were maintained axenically in Diamond’s BI-S-33 medium at
35.5°C as described previously [22,23]. Trophozoites were har-
vested in the late-logarithmic growth phase for 2-3 days after
inoculation of one-thirtieth to one-twelfth of the total culture
volume. After the cultures were chilled on ice for 5 min, tropho-
zoites were collected by centrifugation at 500 xg for 10 min at
4°C and washed twice with ice-cold PBS, pH 7.4, Escherichia coli
BL21 (DE3) pLysS strain was purchased from Invitrogen (Tokyo,

Japan).
2.3. Construction of plasmids

Standard techniques were used for cloning and plasmid con-
struction as previously described [24]. Genes encoding E. histolytica
SAT1, SAT2, and SAT3 (EhSAT1-3) were cloned to produce a fusion
protein containing a histidine-tag (provided by the vector) at the
amino terminus. The ¢cDNA corresponding to an open reading
frame of EnSAT1-3 of 305, 311, and 336 amino acid residues with a
calculated molecular mass of 34.4, 34.8, and 37.7 kDa, respectively,
were amplified by PCR using the E. histolytica cDNA library [16] as
a template and oligonucleotide primers. The sense and antisense
oligonucleotide primers used for EhSAT1, EhSAT2 and EhSAT3
were: 5-CCTGGATCCGATGGACAATTACATTTATTCAATTGCACAT-3'
and 5'-CCAGGATCCTTAAATCGATGGTGAATTTGCTAAAGGAGAT-3'
(EhSAT1); 5'-CCTGGATCCGATGGATTTACTTGTTTCAAAAATTTCAAAA-
3’ and 5'-CCAGGATCCCTAATTTAAAGGAGAGTTTATTGGACTTATT-3
(EhSAT2); 5'-CCTGGATCCGATGAGTTCTTTACTACAACAAACATCTCAG-
3’ and 5'-CCAGGATCCTTATTGTTGACAAGATACAAAACAATCTAA-3

(EhSAT3), respectively, where bold letters indicate BamH]I restric-
tion sites, PCR was performed with platinum pfx DNA polymerase
(Invitrogen) and the following parameters: an initial incubation at
94 °C for 2 min; followed by the 30 cycles of denaturation at 94°C
for 155, annealing at 50, 45, or 55°C for EhSAT1-3, respectively,
for 30s, and elongation at 68°C for 1 min, and a final extension at
68°C for 10 min. The PCR fragment was digested with BamHI and
electrophoresed, purified with Gene clean kit Il (BIO 101, Vista, CA,
USA), and ligated into BamHI-digested pET-15b (Novagen, Darm-
stadt, Germany) in the same orientation as the T7 promoter to
produce pET-EhSAT1, pET-EhSAT2 and pET-EhSAT3. The nucleotide
sequences of the cloned EhSAT1, EhSAT2, and EhSAT3 were verified
by sequencing to be identical to the putative protein coding
region of 200.m00078, 253.m00083, and 13.m00319, respecti-
vely.

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

The above mentioned plasmids were introduced into E. coli BL21
(DE3) pLysS cells by heat shock at 42 °C for 1 min. E. coli BL21 (DE3)
harboring pET-EhSAT1, pET-EhSAT2 or pET-EhSAT3 were grown at
37°C in 100ml of Luria Bertani (LB) medium in the presence of
100 pg/ml ampicillin, The overnight culture was used to inoculate
500ml of fresh medium, and the culture was further continued at
37°C with shaking at 180 rpm. When Aggg reached 0.6, 0.4 mM of
isopropyl B-p-thio galactopyranoside (IPTG) was added, and cul-
tivation was continued for another 4h at 30°C. E, coli cells from
the induced culture were harvested by centrifugation at 4050 x g
for 20min at 4°C. The cell pellet was washed with PBS, pH 7.4,
re-suspended in 15 ml of the lysis buffer (50 mM Tris-HCl, pH 8.0,
300mM NaCl, and 10 mM imidazole) containing 0.1% Triton X-
100 (v/v), 100 pg/ml lysozyme and 1 mM phenylmethyl sulfonyl
fluoride (PMSF) incubated at room temperature for 30 min, son-
icated on ice and centrifuged at 25,000x g for 15min at 4°C.
The supernatant was mixed with 2 ml of 50% Ni%*-NTA His-bind
slurry, incubated for 2h at 4°C with mild shaking. The recombi-
nant EhSAT (rEhSAT)-bound resin in a column was washed three
times each with buffer A [50 mM Tris-HCl, pH 8.0, 300 mM Nadl,
and 0.1% Triton X-100, v/v] containing 10-50 mM of imidazole.
Bound proteins were eluted with buffer A containing 100-300 mM
imidazole.

After the integrity and the purity of rEhSAT proteins were
confirmed with 12% SDS-PAGE analysis, followed by Coomassie
Brilliant Blue staining, they were extensively dialyzed twice against
the 300-fold volume of 50mM Tris-HCl, 150mM NaCl, pH 8.0
containing 10% glycerol (v/v) and the Complete Mini protease
inhibitor cocktail (Roche, Mannheim, Germany) for 18h at 4°C.
The dialyzed proteins were stored at —80°C with 20% glyc-
erol in smail aliquots until further use. The purified proteins
remained fully active after >3 months under these conditions. Pro-
tein concentrations were spectrophotometrically determined by
Bradford method using BSA as a standard as previously described
[25].

2.5. Kinetic studies of recombinant SAT isotypes

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

2.6. Amino acid comparison and phylogenetic analysis

Amino acid sequences of SAT from 48 other organisms
that showed significant similarity to EhSATs were obtained
from the DDBJ/EBI/GenBank database by using blastp search.
Sequence alignments of these proteins were generated using
CLUSTAL W program [29]. The alignment obtained by CLUSTAL
W was inspected and manually corrected using Genedoc pro-
gram (www.psc.edu/biomed/genedoc). All gaps were removed and
unambiguously aligned 245 conserved sites were selected and used
for phylogenetic analyses. The neighbor-joining (N]) and maximum
parsimony (MP) methods were performed using MEGA4 program
[30]. A final phylogenetic tree of 35 sequences was drawn by using
MEGA4. The branch lengths in these trees were obtained from the
neighbor-joining analysis with bootstrap values in 100 replicates,

EhSAT1 MDNY IYSTAHQLYEMYLODEDAFHSKRDYPHKKVET 36
EhSAT2 MDLLVSKISKELYESYTNDI IAFHSSRDYPPKEVFF ag
EhSAT3 MSSLIQOTSOLLVOSYQSDNIAFKSTKQFPEKKSFL 36
Ecoli MSCEELETVWNNIKAEARTTA 21
Cvulgaris MPVGELRFSSQSSTTVVES TINNDETWLWGQIKAFARRDA 40
AthalianaSATP MATCIDTCRTGNTQDDDSRFCCIKNFFRPGFSVNRKITHHTQTEDDDDVWIKMLEEAKSDV go
EhSAT1 ELOKLRKIFFPDFFMKHOK T TESHIASELTKLVDY IKDSVTAYNDELFAHQCVMATLEKL 96
EhSAT2 ELQOLOK I FFPDFFMNHRH I SQAH ISLELTQFVDHILSS TAGYNDDVFAHQCVMKMLEKT, g6
EhSAT3 ELELIQKILFPDFFTRRDKRTFNNVLERLSLLVYHIQNS TEAYYNQOLAEKCITALLSOF 96
Ecoli DCEPMLASFYHATLLKHENLGSALS YMLANKLSSPIMPATA TR—~~———— EVVEEAYAAD 74
Cvulgaris ESEPATASYLYSTILSHSSLERSLSFHLONKLCSSTLLSTLL Y~~~ DLFLNAFSTD g3
AthalianaSATP KQEPILSNYYYASITSHRSLESALAH T LSVKLSNLNLPSNTLE~~~~——— ELFISVLEES 113
EhSAT1 PSI B, AAYACRRIAPGLSLITRCYPEFOAV VYIS TAE VYECGERYYCREMME, 156
EhSAT2 vamL ARYAREIAPGLALIVRC eEQATIIYé\L/;E YECGERWYCRELME, 156
EhSAT3 VITRELVKQET IEAY TQHERASSLAMI TRSYPE THVMMIQE VA T YMNGDIEY SREIME, 156
Ecoli PEMIASARCIEICHIVR DKYSTPLLYLKEFHALOAY]S TG WEWNQGRRALATFLON 134
Cvulgaris YCLRSA SFSHC ErLACQ OSRRPLALALQS 153
AthalianaSATP PEITESTKQEL I VKERBESCT SYVHCFLGFKEFLAC TIEWKONRKIVALLION 173
EhSAT1 SVHSYTSBIRBGASTIKGHEF 1B T IGEWCRTYQS R et qevr 216
EhSAT2 smsxm%emw eV LEBIV) T IGEWCRTYQS) IL 216
EhSAT3 NIHSVIGIBEIIEGT. FF. eV IGNWCRVY! PMSFKEDNETV 216
Ecoli QVSVTFQVEIREARKEIGRG IMLERATE I VERV:V IENDVS I LQSTRITE—~————— -B1G 186
Cvulgaris RIADVER GILHBRATE IGNNVS TLHH{EIE -~ TG 205
AthalianaSATP RVSESFA KGI ‘IE:%%:'NGDNVSILHGM———-—-— TG 225
EhSATI KRGTKHR TVGDYF, THE TEAKVITER T TVESHVRITEANCWIDRDVDSNQTVY I SEHPTHEV 276
EhSAT2 Rl TVGDYY, TS TEAKLITE TVVES YVRIEANCWINTDVGDNQIVY ISEHPTHVY 276
EhSAT3 R8I T I GDE VITEAEAKVITER 1T TIE SNVKRTEANCW I TON T DODQIVF I SEHPSQIT 276
Ecoli KSGGIEEK IRE & %14 ERGAKIIEAGSVVLOPVPPHTTAAGVPARIVG- 245
Cvulgaris DF?HI} € VKDI,‘EE EAGSVVLIDVPPRTTAVGNPARLVGG 265
AthalianaSATP KOSGHREK IGDGTLITEAE SCTHER T TIEEGAKITE SGSVVVKDVPARTTAVGNPARLIGG 285
EhSAT1 [EPCTTKGMKNDTEITAT IPSSPLANSPST 305
EhSAT2 [{PCKSCCETKSDEQT IKMI SPPPADSISPINSPLN 311
EhSAT3 RSSTKQSSKDDKI ILQSLTENKISEEQENL SWVNSPELLCTYTSEESTPINLDCEVSCOQ 336
Ecoli [§PDSDKPSMDMDOHFNGINHTFEYGDGT 273
Cvulgaris EEKPSQLEDI PGESMDHTSFISEWSDYI T 294
AthalianaSATP [AENPRKHDKIPCLTMDQTSYLTEWSDYVI 314

Fig. 1. Complete protein sequences of E. histolytica and other organisms were aligned using the CLUSTAL W program (http: [[clustalw.ddbj.nig.ac.jp/top-e.hitml). Accession
numbers of these sequences are: Escherichia coli (NP415427), Citrullus vulgaris (D85624), Arabidopsis thaliana SAT-p (Q42538), E. histolytica ERSAT1-3 (AB023954, AB232374
and AB232375). Dashes indicate gaps. Highly conserved residues that were shown to participate in the binding to substrates (acetyl-CoA and L-serine) and L-cysteine based
on crystal structures of E. coli SAT [31,32] are highlighted in black. Other amino acids conserved among these organisms are highlighted in grey. An insertion unique to the

amoebic SATs is boxed.
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3. Results

3.1. Identification of genes and their encoded proteins of three
SAT isotypes from E. histolytica

We identified genes encoding three SAT isotypes by homol-
ogy search against the E. histolytica genome database [19] using
SAT protein sequences from bacteria, yeast, and plants. We
designated them as EhSAT1, EhSAT2, and EhSAT3 genes [corre-
sponding to 200.m00078 (AB023954, XM_645673 and XP.650765)
[17], 253.m00083 (AB232374, XM._644909 and XP.650001), and
13.m00319 (AB232375, XM_651281 and XP.656373), respectively].
EhSAT1, EhSAT2, or ERSAT3 gene contains a 918, 936, or 1011-
bp open reading frame which encodes the protein of 305, 311,
or 336 amino acid residues with a predicted molecular mass
of 34.4, 34.8, or 37.7kDa and pI of 6.63, 5.99, or 5.70, respec-
tively.

91

Pscudomonas Huorescens-Q3KIR6
Pseudomonas syringae-Q422J0
Pseudomonas entomophila-Q11GMe
Pscudomonas putida-A3HMN7
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Bordetelia pertussis- BX640416

100 'Bordetella bronchiseptica-Q7WLE7
Nitrosospira multiformis-Q2Y7A4
Nitrosomonas europaea-Q2U18

3.2. Features of the deduced amino acid sequences of E.
histolytica SATs

The amino acid sequence of EhSATs showed 21-42% identities
to SAT from archaea, bacteria, and plants. SAT from the square
archaeon Haloquadratum walsbyi showed the highest (39-42%)
amino acid identities to EhSATs. The identity to SAT from other
organisms was significantly lower than H. walsbyi SAT. For instance,
EhSAT3 showed only 27, 24, or 19% identity to E. coli SAT, water-
melon SAT-c, or A. thaliana SAT-p, respectively. The identity
between EhSAT1 and EhSAT2, between EhSAT1 and EhSAT3, or
between EhSAT2 and EhSAT3 was 73%, 48%, or 48%, respectively.
AllEhSATs were devoid of the amino-terminal transit peptide found
in plastid or mitochondria-located SAT from plants [26,27], which
suggests that amoebic SAT genes encode cytosolic proteins. Mul-
tiple alignment of 48 SAT sequences was produced by Clustal W,
and comparison of only representative SAT sequences from E. coli,
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Fig. 2. Phylogenetic reconstruction of SAT proteins from a variety of organisms. A phylogenetic tree of 35 SAT proteins was constructed by using CLUSTAL W program and
drawn with MEGA4 program. The number at the nodes represents the bootstrap value in percentage of 1000 replicates, The scale bar indicates 0.1 substitutions at each amino
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Fig. 3. Expression and purification of the recombinant EhSATs and detection of native ERSATs in the parasite lysate. (A) The Escherichia coli BL21 (DE3) strain was transformed
with pET-EhSAT1, pET-EhSAT2, and pET-EhSAT3. The recombinant EhSAT1-3 protein was purified on a Ni2*-NTA agarose column. Proteins at each step of purification were
resolved on a 12.5% SDS-PAGE gel and stained with Coomassie Brilliant Blue. Lane 1, Molecular weight markers; lanes 2-4, the total lysate (2), supernatant fraction (3), or
unbound fraction (4) of the IPTG-induced culture of the pET-EhSAT1-transformed cells; lanes 5-7, fractions eluted with 10, 20, and 50 mM imidazole, respectively; lanes

8-10, purified recombinant EnSAT1, EhSAT2, and EhSAT3, respectively, eluted with 200 mM imidazole, (B) Silver staining of the purified EhSAT1-3 (lanes 1-3, respectively).
(C) Immunoblot analysis of the fractionated amebic lysate with anti-EhSAT1 and anti-EhSAT2 antibodies. A fraction etuted from a Mono Q anionic exchange chromatograph
was electrophoresed, blotted, and reacted with 200x diluted anti-ERSAT1 (lane 1) or anti-EhSAT2 antibody (lane 2), followed by the reaction with the secondary antibody.

cytosolic SAT from watermelon, and plastid SAT from A. thaliana are
shown to highlight important similarities and differences among
SAT proteins from these organisms and between EhSAT isotypes
(Fig. 1).

All the important residues implicated in the active site of the
catalytic domain [31] are well conserved in EhSATs. For instance,
the residues of Asp-114, Pro-115, Ala-116, Asp-179, and His-180 of
EhSAT1, corresponding to Asp-92, Pro-93, Ala-94, Asp-157, and His-
158, respectively, of E. coli SAT are well conserved. In contrast, there
are also notable peculiarities of the amoebic SAT. First, E. histolyt-
ica SATs have a unique insertion between the coils 2 and 3 of the
extended loop of LBH (a.a. 206-213 of EhSAT1-3, corresponding to
between a.a. 183 and 184 of E. coli SAT). Interestingly, this insertion
is also uniquely, other than in Entamoeba, present in H. walsbyi. Sec-
ond, Thr-185 of E. coli SAT, which is responsible for the interaction
with the carboxyl terminus of another subunit of a SAT trimer upon
conformational changes caused by the L-cysteine attachment and
subsequent in-sensitization of the enzyme to acetyl-CoA [32], is
not conserved in amoebic SATs; this residue is substituted with Val
or Ile in EhSAT1-3. Third, Ala-218 of E. coli SAT, which is involved
in the hydrogen bonding with the carbony! group of cofactor pan-
tetheinyl moiety and the stabilization of CoA in the cleft between
two subunits of the trimer [32], is substituted with Val-248 in all
three amoebic SATs. Fourth, the amino acid residues around Met-
256 of E. coli or Met-280 from watermelon have been implicated
in the in-sensitivity to L-cysteine. For instance, the Gly-277 to Cys
substitution caused in-sensitivity of watermelon SAT to L-cysteine.
However, none of the residues in this region is conserved in EhSATSs.

There are also isotype-specific features among EhSATs. In par-
ticular, EhSAT3 is significantly divergent. First, the amoeba-specific
block insertion (a.a. 206-213) found in EhSAT1, EhSAT2, and two
SATs from non-pathogenic Entamoeba dispar (data not shown) is

not shared by EhSAT3. Second, EhSAT3 possessesa 26-a.a. carboxyl-
terminal extension, similar to one in the cytosolic A. thaliana SAT,
which is not shared by other amoebic SATs. Third, although lle-314
of A. thaliana SAT-p and in other organisms (E. coli or H. influenza),
which is necessary for the complex formation with CS [33), is
conserved in EhSAT1(1le-305), it is not conserved in EhSAT2 and
EhSAT3.

3.3. Phylogenetic analysis

Phylogenetic reconstruction was performed by NJ and MP
programs using 35 SAT protein sequences from various organ-
isms. The NJ tree (Fig. 2) demonstrates three major monophylic
groups of SAT: the first group consisting of -, B-, -, and
3-proteobacteria, cyanobacteria, Bacteriodes, and one archaeon
organism, Methanococcoides burtonii, the second consisting of Enta-
moeba and H. walsbyi, and the third consisting of plants and a few
bacteria belonging to - and y-proteobacteria. The high homology,
the common amino acid insertion, and the phylogenetic relation-
ship between SAT from Entamoeba and H. walsbyi suggest that E.
histolytica most likely obtained a SAT gene from the ancestral organ-
ism of H. walsbyi by lateral gene transfer, similar to a number of
metabolism enzymes [ 19,20,34]. Phylogenetic reconstruction using
MP method also supports the above-mentioned conclusion (data
not shown).

3.4. Expression and purification of recombinant EhSAT isotypes

The recombinant EhSATs were overproduced at the level of
20-25% of the soluble proteins in E. coli BL21 cells. 12% SDS-
PAGE followed by Coomassie Brilliant Blue staining of the purified
TEhSAT proteins showed that the rEhSAT1-3 was present as a single

Table 1
Kinetic parameters of EhSAT1, EnSAT2, and EhSAT3.

L-Serine Acetyl-CoA

Kin (mM) Vimax (emol/min/mg) kear (s) K (mM) Vmax (omol/min/mg) Keat (s)
Eh SAT1 012 + 003 4139 + 143 25.52 £ 0.89 0.55 + 0.20 95.10 + 2.50 58.63 & 2.67
Eh SAT2 0.09 = 0.02 2777 £ 157 17.31 + 0.98 0:25 £ 0.02 23424090 14.59 * 0.56
Eh SAT3 0.10 - 0.04 65.75 + 3.15 43.83 + 0.90 0.20 £ 0.07 176.83 4 11.72 117.89 £ 7.81

Note: All reactions were performed as described under “Experimental procedures”. All values are expressed as a mean = S.E. of triplicates,
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Fig. 4. Double-reciprocal plots of the recombinant EhSATs, The enzymatic activities of EnSAT1 (A and B), EhSAT2 (C and D), and EhSAT3 (E and F) were determined at various
concentrations of acetyl-CoA (A, C, and E) and L-serine (B, D, and F) in the presence or absence of L-cysteine. Kinetic studies were performed by monitoring the decrease in
Ay with a fixed concentration of 0.5mM L-serine (A, C, and E) and 0.25 mM acetyl-CoA (B, D, and F). Data are shown in the mean of triplicate analyses. (A and B) Symbols
are: @, without L-cysteine; M, in the presence of 5 uM L-cysteine; and 4, 10 pM L-cysteine. (C and D) @, without L-cysteine; &, in the presence of 50 pM L-cysteine; and a,
100 uM L-cysteine. (E and F) ®, without L-cysteine; M, in the presence of 0.5 mM v-cysteine; and 4, 1 mM r-cysteine,

homogenous band corresponding to 37.0, 37.4, or 40.0 kDa, respec-
tively, under reducing conditions (Fig. 3). The mobility of rEhSAT1-3
was consistent with the predicted size of the monomeric EhSAT
proteins with an extra 2.6kDa histidine tag added at the amino
terminus. The purity of rEnSATs was estimated more than 95% as
judged by densitometric scanning of the stained gel. EhSAT pro-
teins were stable and retained their full activity when stored with
10-15% glycerol at —-30 or —80°C for at least 3 months. These puri-
fied EhSAT proteins showed no CS activity, suggesting that there is
no interaction with E. coli CS (CysK and CysM) (data not shown).

3.5. Catalytic and regulatory properties of recombinant EhSATs

Since the purified recombinant EnSATs were free of bacterial CS,
the catalytic and regulatory properties of these proteins could be
examined without any influence of bacterial CS, which might oth-
erwise potentially activates SAT. The kinetic parameters of rEhSAT1

determined in this study (Table 1) were consistent with those
reported previously {17]. The Kp, the Vmax, and the k¢ of three
EhSAT proteins slightly varied, but were comparable.

The effects of L-cysteine on the activity of recombinant EhSATs
were examined (Fig. 4A-F and Table 2). The inhibition of EhSAT by
L-cysteine was isotype specific. The activity of EnSAT1 was inhib-
ited by micromolar concentrations of L-cysteine. Double reciprocal
plots in the presence or absence of 5 or 10 uM of L-cysteine,
showed that the EhSAT1 activity was inhibited by L-cysteine in
a competitive manner with L-serine, but no any significant inhi-
bition was observed in case of acetyl-CoA in the presence of
0.25mM of acetyl-CoA or 0.5mM of r-serine (Fig. 4A and B and
Table 2). EhSAT2 showed in-sensitivity to these concentrations (5
or 10 uM) of L-cysteine. Approximately 10-fold higher concentra-
tions, i.e., 50-100 wM, of L-cysteine were needed to cause inhibition
of ERSAT2 activity comparable to that of ERSAT1. Double reciprocal
plots showed that the EhSAT2 activity was inhibited by L-cysteine
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Table 2
Inhibition constants (K;) of recombinant E. histolytica SATs by L-cysteine.

K (M)

1-Serine Acetyl-CoA Sensitivity
EhSAT1 4.7 (*competitive) A Sensitive
EhSAT2 27.79 (Ycompetitive) 94.7 (*non-competitive) Intermediate
EhSAT3 460 (Pmix) . Insensitive

The enzymatic activities were determined in vitro as described under section 2.
To determine the K; value for t-serine or acetyl-CoA, the constant concentration of
acetyl-CoA (0.25mM) or 1L-serine (0.5 mM) was used, All values are expressed as a
mean=+S.E. of triplicates.

2 No inhibition by L-cysteine.

b The mode of inhibition is shown in parenthesis.

Table 3
Inhibition of EhSATs by structurally related compounds.
Compounds Concentrations {mM)  Inhibition (%)

EhSAT1 EhSAT2 EhSAT3
L-Cysteine 0.03 973 <0.5 <0.5
L-Cysteine 0.5 954 753 <0.5
L-Cysteine 1 98.5 ND 378
L-Cystine 0.03 36 09 79
p-Cysteine 0.5 2.2 39 4.8
pL-Homocysteine 0.5 7.7 09 8.7
pL-Homoserine 05 77 8.8 55
N-Acetyl-L-cysteine 1 25 13.3 27.8
N-Acetyl-L-serine 0.5 11.8 49 79
Glutathione (oxidized) 0.5 13 09 199
Glutathione (reduced) 0.5 ND 103 10.7

ND, Not determined.

in a competitive manner with L-serine and in a non-competitive
manner with acetyl-CoA (Fig. 4C and D and Table 2). The K; value
of EhSAT2 by L-cysteine was about 6-fold higher than that of
EhSAT1.

In contrast, EnSAT3 was totally in-sensitive to L-cysteine at the
concentrations thatabolished EnSAT1 and EhSAT2 activity, and very
high concentrations of L-cysteine (0.5 or 1 mM) were required to
inhibit EhSAT3 activity. At these L-cysteine concentrations, the pat-
tern of inhibition was in a mixed manner with L-serine, but no
inhibition was seen for acetyl-CoA (Fig. 4E and F and Table 2). The
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K; value of EhSAT3 by L-cysteine was 98 or 18-fold higher than that
of EhSAT1 or EhSAT2, respectively.

3.6. Inhibition of ERSAT activity by compounds structurally
related to L-cysteine

L-Cysteine showed significant inhibition of EhSAT1 at 30 M
(97%), when 0.5mM L-serine and 0.2mM of acetyl-CoA were
used. Under the identical conditions, only weak inhibition was
observed at 30 uM of L-cystine (<4%), which is contradictory to
our previous report [17], but in accordance with other reports
on SAT from plants and bacteria. This contradiction might be
due to the new expression protocol and the far better purity of
EhSAT1 obtained in the present study. Other compounds showed
no inhibition against EhSAT1 except for N-acetyl-L-serine and
N-acetyl-L-cysteine (Table 3). EnSAT2 was inhibited with 0.5 mM L~
cysteine by 75%, while N-acetyl-1-cysteine and reduced glutathione
showed marginal inhibition. Inhibition of EhSAT3 by 1mM L-
cysteine, 1 mM N-acetyl-L-cysteine, or 0.5 mM oxidized glutathione
was significant, while other compounds showed no inhibition.

3.7. Effect of L-serine on the sensitivity of ERSATS to L-cysteine
inhibition

We also directly tested whether the three SAT enzymes are
differentially inhibited by L-cysteine in the presence of the physio-
logical L-serine concentrations. L-Cysteine at the concentrations of
5-500 uM remarkably inhibited EhSATs in the presence of 0.5 mM
of L-serine (Fig. 4 and Table 1). In contrast, in the presence of 3 mM
of L-serine, which was equivalent to the concentration in the axeni-
cally cultured trophozoites (3.2 mM), [35], L-cysteine at the same
concentrations showed much less inhibition (Fig. 5). Thus, not only
the L-cysteine, but also L-serine (and acetyl-CoA, data not shown)
concentration affects the EhSAT activity. At known L-cysteine and -
serine concentrations in axenically cultured trophozoites (0.3 and
3.2mM, respectively), EhSAT1 and EhSAT2 activity was inhibited
by approximately 90 or 20%, respectively, while EhSAT3 activity
remained fully active. These data suggest that the activity of EhSAT1
and EhSAT2 is modulated under the in vivo conditions, where the
L-serine and L-cysteine concentrations likely fluctuate.

30 100 300 1000
EhSAT3

EhSAT2

L-Cysteine concentration (uM)

Fig. 5. Effects of various L-cysteine concentrations on the activity of EhSAT isotypes in the presence of physiological concentrations of L-serine (3 mM). The SAT activity is
shown in percentage relative to that of the individual SAT isotype measured in the absence of L-cysteine,
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3.8. Cellular distribution of ERSATs in E. histolytica trophozoites

We examined cellular distribution of three isotypes of EhSAT in
the HM1 reference strain. The immunofluorescence imaging using
antiserum raised against the corresponding recombinant protein
showed that all the three isotypes are distributed to the cytosol
(data not shown). We also verified the expression of EhSATs by
immunoblots. The lysate was produced by freezing and thawing
followed by sonication and centrifugation at 100,000 x g cen-
trifugation (at 4°C for 1h). Immunoblots showed that EhSAT1
and 2 were fractionated to the soluble fraction (for clarity of
immunoblots, the immunolots using a fraction which was obtained
by further separation on anionic exchange chromatography is
shown in Fig. 3C).

4. Discussion

In the present study, we have reported for the first time that
E. histolytica possesses multiple isotypes of SAT with distinct
properties. Although the presence of sulfur assimilatory cysteine
biosynthetic pathway has been well documented in this parasite
[18,36], and the feedback-inhibition of EhSAT1 by L-cysteine was
previously reported [17], the existence of apparently redundant
systems, consisting of multiple isoenzymes catalyzing identical
reactions (i.e., EnSAT1-3 as well as CS isotypes, EhCS1-3, unpub-
lished [18,20,37]), strengthen biological significance of regulation
of L-cysteine synthesis in this organism. Although their subcellular
localization has not been demonstrated, the lack of the organelle
targeting signals, as seen in organelle-located SAT from plants
[26,27], in EhSAT1-3 and the lack of the typical mitochondria and
plastids in this organism [ 17] support the premise that the all three
amoebic SAT isotypes are cytosolic. Immunofluorescence and cellu-
lar fractionation studies also suggest that all the three SAT isotypes
are located to the cytosol. Isoform-dependent feedback-inhibition
of SAT, often compartmentalized to the cytosol, chloroplast, and
mitochondria, by L-cysteine was previously demonstrated in plants
[8]. Thus, the present work is the first report showing the presence
of multiple cytosolic SAT isoforms with distinct features.

The three SAT isotypes from E. histolytica showed high, interme-
diate, and low sensitivity to inhibition by L-cysteine. The sensitivity
of EhSATSs to the cysteine inhibition varies in two orders of magni-
tude(the K; value of EnSAT1-3 was 4.7, 28, and 460 .M, respectively,
Table 2). We have also shown that 1-serine at the physiological
concentrations modulates the sensitivity of EhSATs to L-cysteine.
Furthermore, the modulation of the L-cysteine sensitivity by L-
serine is isotype specific. Under the reported intracellular cysteine
concentrations of axenically cultured trophozoites (0.3 mM), [35],
the activity of EhSAT1 is predicted to be totally suppressed in this
parasite. Alternatively, EhnSAT1 may be compartmentalized to a con-
fined region of the cytosol where the L-cysteine concentration is
low. Although the intracellular L-serine and L-cysteine concentra-~
tions in the amoeba in the human remain unknown, it is conceivable
that they vary under different conditions of its life cycle and infec-
tion, e.g., in the human colonic lumen and invaded tissues. Thus, the
redundancy of CS/SAT and cysteine biosynthesis may be necessary
to ensure replenishment of L-cysteine under various physiologi-
cal and pathological conditions where the amino acid availability
fluctuates.

In bacteria, L-cysteine at micromolar concentrations inhibits
SAT activity and OAS acts not only as a substrate but also as an
inducer of Cys regulon [5]. Since EhSAT3 is virtually insensitive to
L-cysteine inhibition, L-cysteine production is not regulated unless
EhSAT3 activity is regulated by other unidentified mechanisms
including compartmentalization. Although roles of OAS remain
totally promiscuous in this organism, it is plausible if OAS also reg-

ulates expression of genes involved in L-cysteine biosynthesis. It
has been known in bacteria {5] under the L-cysteine-limited con-
ditions, SATs do not only provide OAS for the replenishment of
L-cysteine through desensitization of L-cysteine inhibition, but also
induces the expression of genes involved in L-cysteine biosynthesis
[38].

The previous transcriptome analysis [37] suggested all three
EhSAT genes are expressed in axenic cultures; EhSAT1 and EhSAT3
are well expressed, while EhSAT2 is 10-40-fold less expressed than
the other two isoforms. It was also demonstrated that expres-
sion of EhSAT1 or ERSAT2 gene was 3.4-6.0-fold downregulated or
4.1-8.7-fold upregulated, respectively, during the intestinal infec-
tion, whereas the expression of EhSAT3 gene remained unchanged
(only 1.5-1.6-fold repression). These data suggest that individual
ERSAT genes are under coordinated regulation of expression under
different physiological conditions and also that EhSAT2 might have
a specific role in intestinal colonization.

Structural understanding of the in-sensitivity of EhSAT3 to the
L-cysteine inhibition is underway. The carboxyl-terminal extension
unique to EhSAT3 is one of the obvious peints of interest involved
in protein-protein interactions. The carboxyl-terminal region has
also been implicated in the CS complex formation, as the 10-25 a.a.
carboxyl-terminal truncation caused dissociation of SAT from CS in
E. coli {39,40]. Further investigation of truncation and mutation by
site-directed and PCR-based random mutagenesis, as shown in bac-
terial and plant SATs [39,41), is necessary. Finally, since the sulfur
assimilatory cysteine biosynthetic pathway is absent from human,
it should provide a suitable target for the rational development of
new chemotherapeutics against amoebiasis. Recent demonstration
of inhibition of E. histolytica trophozoites proliferation by com-
pounds devised insilico by docking to E. coli SAT (NCI 128884, 29607,
and 653543) [42] reinforced the premise. Therefore, the detailed
study of its components, as shown in the present study, is important
to validate the suitability of the target.
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Phosphatidylinositol-phosphates mediaie cytoskeletal
reorganization during phagocytosis via a unique
modular protein consisting of RhoGEF/DH and

FYVE domains in the parasitic protozoon

Entamoeba histolytica

Kumiko Nakada-Tsukui, Hiroyuki Okada,
Biswa Nath Mitra and Tomoyoshi Nozaki*
Department of Parasitology, National Institute of
Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku,
Tokyo 162-8640, Japan.

To.-understand ‘the roles-of phosphoinositides
[Ptdins] in phagocytosis of parasitic eukaryotes,
we examined the: interaction - of * phosphatidy-
linositol-3-phosphate  [Ptdins(8)P]. and. putative
Ptdins-P-binding. proteins during phagocytosis
in. the enteric protozoan parasite. Entamoeba
histolytica. It was previously shown that phago-
cytosis. in E. histolytica is indispensable for. viru-
lence and is inhibited by Ptdins 3-kinase inhibitors.
We demonstrated by time-lapse live -imaging
that during the initiation: of ‘phagocytosis, the
Ptdins(3)P biomarker GFP-Hrs—FYVE, was translo-
cated to the phagocytic cup, phagosome, and to
tunnel-like structures connecting the plasma mem-
brane and phagosomes. E. histolytica possesses
12 FYVE domain-containing proteins (EhFP1-12),
11 of which also contain the RhoGEF/DH domain.
Among them EhFP4 was shown to be recruited to
the tunnel-like structures and to the proximal
region  of the phagosome. We further demon-
strated that EhFP4 physically interacted with 4 of
10 predominant. Rho/Rac small GTPases. Phos-
phoinositide binding assay showed that EhFP4
unexpectedly bound to Ptdins(4)P via the carboxyl-
terminal - domain and that the FYVE domain
modulates the binding specificity of EhFP4 to
Ptdins-P. Expression of the FYVE domain from
EhFP4 inhibited phagocytosis while enhancement
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was observed when mammalian Hrs-FYVE domain
was expressed. Altogether, we demonstrated that
Ptdins(3)P, Ptdins(4)P and EhFP4 coordinately
regulate phagocytosis and phagosome maturation
in this parasitic eukaryote.

introduction

Entamoeba histolytica is a major cause of colitis and liver
abscess in developing countries (Haque etal, 2003;
Ackers and Mirelman, 2006). Recently, several molecules
playing fundamental roles in the biology and virulence of
this parasite have been identified. Among them are the
cell surface galactose/N-acetylgalactosamine-specific
lectins, cysteine proteases and amoebapores, which are
involved in the interaction with host cells and bacteria, the
destruction of immune and non-immune cells, or in the
digestion of ingested microorganisms respectively (Que
and Reed, 2000; Frederick and Petri, 2005). In addition to
these molecules, phagocytosis and motility have been
shown to play a pivotal role in the establishment of infec-
tion (Labruyere and Guillen, 20086). It was demonstrated
that phagocytosis and cell movement are controlled by
the cytoskeleton and its regulators, including actins,
myosins, p21 activated kinases and Rho/Rac small
GTPases (Guillen et al., 1998; Voigt and Guillen, 1999;
Labruyere etal, 2003; Coudrier etal.,, 2005; Marion
et al,, 2005; Arias-Romero et al., 2006; Franco-Barraza
et al., 2006). Rho guanine nucleotide exchange factor
(RhoGEF), the activator of Rho/Rac small GTPases,
is also important in regulating biological processes
where cytoskeletal reorganization is involved, including
chemotaxis, cytokinesis, tumorigenesis and phagocytosis
(Rossman et al., 2005; Vargas and Gonzalez-de la Rosa,
2007). The number of RhoGEFs in the E. histolytica
and human genomes are also comparable. Sixty-two
RhoGEFs have been identified in E. histolytica, all
belonging to the Dbl homology (DH) protein family,
while 89 RhoGEFs are present in man (Vargas and
Gonzalez-de la Rosa, 2007).
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It should be emphasized that the molecular mecha-
nisms of phagocytosis in E. histolytica are significantly
divergent from well-established models found in other
organisms, particularly to the professional phagocytes
of mammals. First, among three main elements of the
eukaryotic cytoskeleton, E. histolytica seems heavily
dependent on actin microfilaments (Loftus et al., 2005;
Clark et al., 2007). E. histolytica has a number of actin
binding proteins to modify filamentous actins and highly
conserved Arp2/3 complex, but iacks WASP/SCAR pro-
teins, for actin nucleation by the Arp2/3 complex. Second,
E. histolytica has only two myosins, myosin IB and myosin
I, and lacks other myosins, like myosin V, that are con-
sidered ubiquitous (Labruyere and Guillen, 2006). Third,
the involvement of Rab5 and Rab7A small GTPases in the
formation of the prephagosomal vacuole during phago-
some maturation is unique to E. histolytica (Saito-Nakano
ef al., 2004; 2007, Nakada-Tsukui et al., 2005). Fourth,
phagosome acidification proceeds very rapidly and is
completed within 2-5 min (Saito-Nakano etal., 2004;
Mitra et al., 2005; 2006). These remarkable differences in
the kinetics of phagosome maturation and the diversity of
molecules involved in the process strongly suggest that
the underlying mechanisms of phagocytosis and phago-
somal maturation in this organism may be significantly
divergent.

Recently, membrane phospholipids have been shown
to play a pivotal role as mediators of membrane traffick-
ing, cytoskeletal re-arrangement and cell surface receptor
signalling (Lindmo and Stenmark, 2006). Membrane
phosphatidylinositol (Ptdins) metabolism, in particular,
has also been implicated in the regulation of phagocytosis
(Fratti et al., 2001; Botelho et al., 2004; Scott et al., 2005;
Yeung et al., 2006). In addition, phagosome maturation
is blocked when phosphatidylinositol-3-phosphate
[Ptdins(3)P] generation on the phagosome membrane
is inhibited. Under normal conditions, the formation of
Ptdins(3)P on the surface of phagosomes subsequently
results in the recruitment of Ptdins(3)-P-binding proteins,
including early endosome antigen-1 (EEA1) and hepato-
cyte growth factor-regulated tyrosine kinase substrate
(Hrs) (Gillooly et al., 2001; Chua and Deretic, 2004; Vieira
etal., 2004). Altogether, these studies indicate that
Ptdinss are important regulators of phagocytosis and
phagosome maturation.

Ptdins(3)P was also implicated in the phagocytosis and
endocytosis of E. histolytica, in a study where wort-
mannin, a potent inhibitor for phosphatidylinositol
3-kinase, was used (Ghosh and Samuelson, 1997; Powell
etal.,, 2006). However, E. histolytica lacks Ptdins(3)P
effectors found in other organisms, including EEA1 and
Hrs (Loftus et al., 2005; Clark et al., 2007). To better under-
stand the involvement of lipid mediators in E. histolytica,
and to uncover the molecular mechanism behind the inhi-

bition of phagocyosis by wortmannin, we investigated
the role of PtdIns(3)P and Ptdins-phosphate (Ptdins-P)-
binding proteins during phagocytosis in E. histolytica. We
have chosen to study PtdIns(3)P first because it has been
implicated as the major regulator of endosome and
phagosome maturation (Botelho et al., 2004; Lindmo and
Stenmark, 2006; Yeung et al., 2006), and the specific
biomarker for Ptdins(3)P is readily available (Giliooly et al.,
2000; Baila, 2005). A genome-wide survey of the E.
histolytica database has shown that 12 FYVE (Fab-1,
YGLO023, Vps27, EEA1) domain-containing proteins are
present in this organism, 11 of which reveal a unique
modular structures consisting of the RhoGEF, pleckstrin
homology (PH) and FYVE domains. We demonstrate the
unique kinetics of Ptdins(3)P in phagocytosis by time-lapse
live monitoring of PtdIns(3)P using a transgenic cell line
expressing green fluorescent protein (GFP)-fused with the
FYVE domain from Hrs. We subsequently demonstrate
that among the 12 E. histolytica FYVE-domain-containing
proteins (EnFP1-12), EnFP4 is specifically recruited to the
phagocytic cup upon internalization of a mammalian cell,
and is colocalized with F-actin. We further show that the
unexpected phosphoinositide specificity of EnFP4 is medi-
ated by its unique carboxyl terminal region, and that four
Rho/Rac small GTPases serve as the downstream effec-
tors of EhFP4.

Results

Ptdins(3)P is localized on the membrane of internal
vesicles in the quiescent state, and not primarily
in endosomes

We examined the kinetics of PtdIns(3)P, which is known to
be involved in endosome and phagosome maturation in
other organisms (Gillooly et al., 2001), during endocytosis
and phagocytosis in E. histolytica. To this end, we gener-
ated an E. histolytica transformant expressing GFP fused
with the FYVE (Fab-1, YGL023, Vps27, EEA1) domain
from hepatocyte growth factor 1-regulated tyrosine kinase
substrate (Hrs), which has been used in other studies to
probe the localization of PtdIns(3)P (Burd and Emr, 1998;
Gaullier etal., 1998; Gillooly et al., 2000; Ellson et al.,
2001; Balla, 2005; Halet, 2005). The expression of the
GFP-Hrs-FYVE fusion protein as a homogeneous
52 kDa protein was confirmed by immunoblot (Fig. 1A).
Confocal photomicrographs revealed that the GFP—Hrs—
FYVE signal was restricted to the membrane of a limited
number of internal vesicles/vacuoles (Fig. 1B, a—c). it was
shown that in mammalian cells, Ptdins(3)P is localized to
the membrane of early endosomes and to the internai
membranes of multivesicular endosomes, suggesting the
general involvement of Ptdins(3)P in the endocytic
pathway (Gillooly et al., 2000).
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Fig. 1. Expression and localization of GFP-Hrs—FYVE in E. histolytica.

A. Immunoblot of the lysate from a E. histolytica transformant expressing GFP-Hrs~FYVE, A single 52 kDa band corresponding to
myc-GFP-Hrs—-FYVE fusion protein was detected by immunoblot analysis using anti-myc antibody.

B. Localization of GFP—Hrs-FYVE in the quiescent stage (a~¢) and lack of colocalization of a fluid-phase marker, RITC-dextran (d~g).
GFP-Hrs-FYVE-expressing E. histolytica trophozoites were fixed and analysed by Zeiss LSM 510. (a—c) GFP-Hrs—FYVE is localized on
internal vesicles/vacuoles in the quiescent stage [a, GFP; b, differential interference contrast (DIC); ¢, merge]. (d-g) GFP—Hrs-FYVE
expressing transformants were incubated with 2 mg ml ' RITC-dextran for 10 min, fixed, and examined. (d, GFP; e, RITC-dextran; f, merge;
g, DIC). Arrows indicate primary endosomes with Ptdins(3)P, open arrowheads indicate multivesicular bodies or secondary endosomes
associated with Ptdins{3)P. A highly magnified image of a representative endosome-containing vacucle (open arrowheads) is shown in an islet
(f). Bars, 10 m.

C. Time-lapse images of localization of GFP-Hrs—FYVE during CHO cell phagocytosis. CHO cells were labelied with Cell tracker blue and
added to the GFP-Hrs~FYVE-expressing E. histolytica culture (approximately 1:2 ratio). Images were captured by Leica AS-MDW at given
times. The exact timing of attachment of CHO cell by £. histolytica was manually monitored and defined as time 0. A filled arrowhead marks
the attachment point between the E. histolytica and a CHO cell. Arrows depict the phagocytic cups and open arrowheads indicate
phagosomes containing CHO cells. Bars, 10 m.

D. The kinetics of GFP-Hrs—-FYVE recruitment on the nascent phagosome. The GFP fluorescence of the phagocytic cup and phagosome was
measured using the profile tool in the Carl Zeiss LSM510. The mean and standard deviation of five random measurements are shown.
Representative fluorescence profiles of a phagosome at two time points (0.2 and 164.4 s) are shown in Fig. S1.
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To examine the association of Ptdins(3)P in the
endocytic pathways in E. histolytica, the GFP-Hrs-FYVE-
expressing transformant was incubated with 2 mgmi '
RITC-dextran for 5, 10, 30, 60 and 90 min to allow
endocytosis to take place. The number of RITC-dextran-
containing endosomes associated or not associated
with GFP-FYVE was counted, and the percentage of
GFP-FYVE positive endosomes was calculated. At
each time point, 14.0 £ 15.3%, 7.3 £ 7.9%, 1.4 * 2.5%,
1.3 £ 0.8% and 2.0 = 1.4% of the endosomes contain-
ing RITC-dextran were found to be associated with
Ptdins{3)P respectively (Fig. 1B, d—g). The majority of the
Ptdins(3)P-positive vacuoles contained RITC-dextran-
positive vesicies in a confined area (Fig. 1B, {, islet), sug-
gestive of multivesicular bodies (Saito-Nakano etal.,
2004). These data suggest that Ptdins(3)P is partially
associated with endocytosis in the early phase and with
multivesicular body formation. The majority of endo-
somes, however, are not associated with Ptdins(3)P
during the steady state in this organism. The specificity of
the Hrs—FYVE domain to Ptdins(3)P was verified by the
phospholipid binding assay (see below, Fig. 4B, a).

Rapid recruitment of Ptdins(3)P to the phagocytic cup
and phagosomes during phagocytosis of CHO cells

To investigate the involvement of Ptdins(3)P signaliing in
phagocytosis and phagosome maturation, we examined
the localization of PtdIns(3)P during the course of engulf-
ment of CHO cells. Cell tracker-loaded CHO cells were
mixed with the amoeba transformants and the dynamics
of Ptdins(3)P during their interaction and subsequent
phagocytosis of CHO cells were monitored by real-time
live imaging. We observed two types of phagocytosis
based on their kinetics. Two-thirds (64.2 = 6.8%) of the
observed phagocytic events were completed within 3 min
(fast phagocytosis’), while one quarter (26.6 * 7.3%)
required more than 10min to be completed (‘siow
phagocytosis’) (K. Nakada-Tsukui, unpublished). In both
types of phagocytosis, PtdIns(3)P was recruited to the
phagocytic cup and phagosomes. The kinetics of
Ptdins(3)P during the fast phagocytosis was as follows:
less than 20 s after the adherence of the CHO cells,
Ptdins(3)P started to accumulate on the phagocytic
cup, and upon closure of the phagosome, Ptdins(3)P
extended along the entire phagosome membrane
(Fig. 1C and Video St1). The kinetics of the recruitment of
GFP-Hrs—FYVE on the nascent phagosome was further
analysed (Fig. 1D and Fig. S1). A time-dependent finear
accumulation of the GFP signal was observed up to
160 s. In ‘fast phagocytosis’, the entire process from the
formation of the phagocytic cup to the closure of the
phagosome membrane was completed within 80s. In
this example, Ptdins(3)P remained on the phagosome

membrane for at least 1 h after the closure of the
phagosome.

In ‘slow phagocytosis’, instead of internalizing the CHO
cell as a whole, E. histolytica gradually internalized its
content through a narrow tunnel that was generated upon
adherence (Video S2). This tunnel-like structure, contain-
ing a small portion of CHO cell, often persisted for more
than 30 min without closure of the phagocytic cup. During
this process, Ptdins(3)P aiso accumulated on the phago-
cytic cup right after the internalization, and remained
on both the tunnel-like structure and the phagosome
membrane. As shown in Videos S1 and S2, thread-like
structures were often observed to be associated with
GFP-Hrs—FYVE between Ptdins(3)P-positive vacuoles.
These Ptdins(3)P-associated thread-like structures were
seldom observed during the quiescent stage, suggesting
that phagocytosis-induced Ptdins(3)P signalling is fikely
involved in the formation of these structures.

The ‘slow phagocytosis’ demonstrated here was also
described in earlier studies in Entamoeba (Lejeune and
Gicquaud, 1987; 1992), and appears to be similar to the
Ptdins 3-kinase-dependent constriction of phagosomes
described by Swanson et al. (1999). This observation may
reflect the inability to complete the phagocytic process
normally.

We further calculated the percentage of phagosomes
associated with Ptdins(3)P during phagocytosis. GFP-
Hrs—-FYVE expressing amoebas were co-cultured with
Cell tracker blue-loaded CHO cells for 10, 30 and 60 min.
The phagosomes and phagocytic cups positive for GFP—
Hrs~FYVE were counted under a confocal microscope. At
10, 30 and 60 min of cocultivation, 69 * 6.7%, 51 + 4.5%
and 27 = 5.7% of phagosomes were associated with
Ptdins(3)P while 75% of the phagocytic cups were also
Ptdins(3)P positive {Fig. $2). Although we did not distin-
guish fast and slow phagocytosis in this experiment,
Ptdins(3)P association was predominantly observed on
the phagosomes at the early time points of phagocytosis
and also on the phagocytic cups. These results suggest
that phagocytosis predominantly (> 70% of the phago-
cytosis events) occurs in a Ptdins(3)P-dependent manner.

Expression of GFP-Hrs—~FYVE does not affect
endocylosis, phagosome acidification and degradation
of internalized materials in the phagosomes

To exclude the possibility that expression of GFP-Hrs—
FYVE affects the normal kinetics of phagosome matura-
tion, e.g. acidification and degradation of its content, we
examined the Kinetics of the phagosome pH in the red
fluorescent protein (RFP)-Hrs—FYVE-expressing and
control RFP-expressing transformants, by the previously
described method using FITC-conjugated yeasts (Mitra
etal., 2005; 2006; Saito-Nakano etal, 2007). The
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kinetics of the phagosomal pH in these transformants was
similar to each other (B.N. Mitra, data not shown), and
also to that of the wild-type amoeba (Mitra et al., 2005).
We also compared the kinetics of degradation of an
ingested Leishmania promastigote expressing GFP in a
phagosome by measuring fluorescence intensity (Mitra
et al., 2005; 2006; Saito-Nakano et al., 2007). Similar to
the results of the acidification kinetics, the kinetics of GFP
decay of ingested Leishmania parasites in both transfor-
mants was comparable (B.N. Mitra, data not shown).
Thus, expression of the Hrs—-FYVE domain does not
affect phagosome maturation and degradation of endo-
cytosed materials in the phagosomes.

We further examined if endocytosis is affected by GFP—
Hrs—-FYVE expression. The rate of endocytosis of RITC-
dextran was indistinguishable between the GFP and
GFP-Hrs—-FYVE transformants (K. Nakada-Tsukui, data
not shown). Thus, aithough we were not able to examine
colocalization of RITC-dextran and GFP-Hrs-FYVE at
the very early time points (less than 5 min) due to techni-
cal problems, we are tempted to conclude that Ptdins(3)P
is not primarily involved in endocytosis.

Expression of 12 FYVE domain-containing proteins in
E. histolytica

To get more insights into the downstream effectors of
Ptdins(3)P during phagocytosis, we performed a genome-
wide search for FYVE domain-containing proteins in the
E. histolytica genome database (http://www.tigr.org/tdb/
e2k1/ehal/). The FYVE domain derived from Hrs (Komada
etal, 1997) was used as a query sequence. Twelve
E. histolytica proteins showed significant homology
(E-value <1.1 10%, and we named these proteins
EhFP1-12: E. histolytica FYVE domain-containing pro-
teins 1—12. Eleven EhFP proteins (EhFP1-11) showed a
similar overall structure, containing RhoGEF/DH and PH
domains at the amino terminus of the FYVE domain
(Fig. 2A). This modular structure containing RhoGEF/DH
indicates that these FYVE domain proteins likely modulate
cytoskeletal re-arrangement downstream of Pidins(3)P
signalling (Rossman et al., 2005). An expanded repertoire
of EhFP gene family suggests the importance of Ptdins-P-
mediated signalling in this organism.

The levels of transcription of the EhFP genes were
examined using DNA microarray. Total RNA from a refer-
ence HM-1:IMSS strain was prepared and hybridized to
a custom-made E. histolytica DNA microarray (Gilchrist
etal., 2006; Ehrenkaufer etal, 2007). Transcriptional
levels of individual EhFP genes varied. EhFP5, 6, 7 and
10 were highly expressed (> 50% of the level of RNA
polymerase ll), while EhFP1, 2, 4, 8 and 12 were moder-
ately expressed (between 20% and 50%), and EhFP3, 9
and 11 were poorly expressed (< 20%). EhFP9 protein
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was previously detected in phagosomes isolated from
another clinical isolate (KU33 strain) by proteomic analy-
sis (Okada et al., 2006).

Intracellular localization of EhFPs and the dynamism of
EhFP4 during phagocytosis

To understand the role of individual EhFPs in CHO cell
phagocytosis, intracellular localization and their kinetics
during phagocytosis were examined using transfor-
mants expressing HA-tagged EhFP proteins. Epitope-tag
plasmid constructs, to express all EhFPs except EhFP9,
and their corresponding transformants were successfully
produced. We were unable to clone an EhFP9 protein
coding region for unknown reasons despite repeated
trials. Protein expression of HA-EhFP1, 2, 4 and 5 was
confirmed by immunoblots, while expression of HA-
EhFP3, 6, 7, 8, 10 and 12 failed (K. Nakada-Tsukui,
unpublished). Analysis of EhFP11 was not included in this
study because we found this entry in an updated TIGR
database after completing all constructions. In the follow-
ing experiments, we characterized EhFP1, 2, 4 and 5.
The analysis of the remaining EhFPs will be described
elsewhere.

Immunofluorescence imaging showed that HA-EhFP1,
2, 4 and 5 were localized throughout the cytoplasm in
steady state (K. Nakada-Tsukui, unpublished). During
CHO cell phagocytosis, localization of HA-EhFP1 and 2
did not change significantly (Fig. 2B). HA-EhFP5 was
weakly associated with the phagocytic cup, and did not
associate with the phagosome membrane at a later stage
(Fig. 2B). On the other hand, HA-EhFP4 was recruited to
the phagocytic cup and to a tunnel-like tubular structure,
connecting the plasma membrane and the phagosome
(Fig. 2C and Fig. S4). This tunnel-like structure was char-
acteristically observed during ‘slow phagocytosis.’ The
distribution of EhFP4 overlapped with that of F-actin, as
demonstrated with anti-HA antibody and phallacidin
double staining (Fig. 2D), suggesting the possible involve-
ment of EhFP4 in actin re-arrangement.

Small GTPase RacG, p21 activated kinase PAK1, and
calcium binding protein EhCaBP1 have been reported to
be involved in phagocytosis (Guillen et al., 1998; Labruy-
ere etal, 2003; Jain etal, 2008). Among them, it
was previously shown that upon erythrophagocytosis,
EhCaBP1 was transiently recruited to the phagocytic cup
and was dissociated from it less than one minute of
enguifment (Jain etal, 2008). We examined whether
EhFP4 colocalizes with EnCaBP1 during CHO cell phago-
cytosis (Fig. 2E). Upon direct physical interaction with
CHO cells, EhRFP4 and EhCaBP1 both accumulated at
the contact site (Fig. 2E, a—d). During internalization of
CHO cells, the localization of EhCaBP1 appeared to
be restricted to the proximal peripheral region of the
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Fig. 2. FYVE domain-containing proteins in E. histolytica (EhFP) and localization of EhFP proteins during CHO cell phagocytosis.

A. A schematic representation of domain structures of EhFP proteins. RhoGEF/DH, pleckstrin homology, or FYVE domains are shown as red,
green rectangles or blue ovals respectively. TIGR ID numbers and amino acid numbers of EnFP1-12 are shown.

B and C. Localization of EhFP1, 2, 4 and 5. Trophozoites of the HA-tagged EhFP1-, EhFP2-, EnFP5- (B) or EhFP4-expressing (C)
transformants were co-cultured with Cell tracker green-loaded CHO cells for 30 min, fixed and reacted with anti-HA antibody, followed by
Alexa-568 conjugated anti-mouse IgG secondary antibody. Bars, 10 m. Arrows (in C) indicate EhFP4 on the proximal portion of the
phagosome (b, ¢, e and f) and the tunnel-like structures linked to the phagosome (e and f). Bars, 10 m.

D. Colocalization of EhFP4 and F-actin during CHO cell phagocytosis. HA-EhFP4-expressing trophozoites were co-cultured with Cell tracker
blue-loaded CHO cells for 30 min, fixed and reacted with anti-HA and BODIPY FL phallacidin to visualize HA-EhFP4 and F-actin. Arrows
indicate EhFP4 and F-actin accumulated at the proximal portion of the phagosome and the tunnel-like structures linked to the phagosome.

Bars, 10 m.

E. Partial colocalization of EhFP4 and EhCaBP1 during CHO cell phagocytosis. HA-EhFP4-expressing E. histolytica were co-cultured with Cell
tracker blue-loaded CHO cells for 30 min, fixed, and reacted with anti-HA antibody and anti-EhCaBP antibody. The cells were further reacted
with Alexa-568 anti-mouse IgG and Alexa-488 anti-rabbit IgG secondary antibody. Arrows indicate regions where HA-EhFP4 and EhCaBP
colocalize. Note that Cell tracker blue signal of CHO cells is also seen in the green channel. Bars, 10 m.

phagocytic cup, while EhFP4 was broadly distributed at
the phagocytic cup and the tunnel-like structures (Fig. 2E,
e-I).

Localization of EhFP4 to the phagbcytic cup is mediated
by the FYVE and the carboxyl-terminal (CT) domains

To examine whether the FYVE domain is involved in
the EhFP4 recruitment during phagocytosis, a deletion
mutant of HA-EhFP4 lacking the FYVE and CT domains,
HA-EhFP4DH-PH, was generated. Expression of HA-
EhFP4DH-PH protein was confirmed by Western biot
analysis as a 40 kDa band and the level of its expression
was comparable to that of HA-EhFP4 (K. Nakada-Tsukui,
data not shown). The localization of this truncation mutant
to the phagocytic cup and the tubular tunnel structure was
remarkably reduced (Fig. 3A and Fig. S4). However, the
recruitment of HA-EhFP4DH-PH to the phagocytic cup
was not totally abolished most likely due to the interaction
with other unidentified proteins that localize to the phago-
cytic cup. Taken together, these data suggest that EhFP4
is localized to the phagocytic cup and the phagosome via
the FYVE domain and/or CT domain.

To perform live-imaging of EhFP4, we attempted to
create an amoeba transformant expressing GFP full-
length EhFP4 (EhFP4FL), but failed. We instead created
a transformant expressing two tandem repeats of the
FYVE domain of EhFP4 fused with GFP (GFP-EhFP4—
FYVE), and examined its localization and dynamism.
GFP-EhFP4-FYVE was localized diffusely to the cyto-
plasm under the quiescent state (Fig.3B, a and:b).
During CHO cell phagocytosis, GFP—-EhFP4-FYVE was
recruited to the phagocytic cup and the tunnel-like struc-
ture (Fig. 3B, ¢—j), in a manner very similar to that of
HA-EhFP4 (Figs 2C and 3A, and Fig. S4). This resuit
supports the hypothesis that the FYVE domain mainly
defines the localization of EhFP4. However, there is a
possibility that domains other than the FYVE domain also
have a role to define the localization. To understand the
role of these domains of EhFP4 in localization and lipid
binding, we next examined the lipid binding specificity.

© 2009 Blackwell Publishing Ltd, Cellufar Microbiology, 11, 14711491

Phosphoinositide specificity of EhFP4

To examine the specificity of EhFP4 towards various
phosphoinositides and phospholipids. Lipid binding
assay was performed using GST-fused Hrs-2xFYVE
(GST-Hrs-FYVE), GST fusion proteins of EhFP4 FYVE,
or CT domains (GST-EhFP4-FYVE or GST-EhFP4-CT
respectively), and His tag-trigger factor (TF) fusion proteins
of full-length EhFP4 (TF-EhFP4FL), FYVE/CT domain-
deleted EhFP4 (TF-EhFP4DH-PH), and RhoGEF/DH
domain of EhFP4 (TF—EhFP4DH) (Fig. 4B). As expected,
GST-Hrs-FYVE showed specific binding to Ptdins(3)P
and TF showed no interaction with phosphoinositides
and. phospholipids (Fig. 4B, a and b). Surprisingly, TF-
EhFP4FL strongly bound to Ptdins(4)P, and weakly to
Ptdins(3)P and Ptdins(5)P (Figs 4B, c). This interaction
was not observed with TF-EhFP4 DH-PH, suggesting that
the interaction occurs via the FYVE and/or CT domain(s)
(Fig. 4B, d). Furthermore, neither TF-EhFP4DH nor GST—
EhFP4-FYVE showed binding with phosphoinositides and
phospholipids (Fig. 4B, e and f). This is in marked contrast
with' the specific binding of Hrs—-FYVE to Ptdins(3)P
(Gillooly et al., 2000). The GST-EhFP4-CT protein unex-
pectedly bound to PtdIns(3)P, Ptdins(4)P and weakly to
Ptdins(5)P (Fig. 4B, g). GST-EhFP4PH could not be pro-
duced in a soluble form (K. Nakada-Tsukui, unpubl. data).

To further confirm that the FYVE domain is not involved
in the interaction of EnFP4 with phospholipids, we created
TF-EhFP4 FL recombinant proteins.in which one or two
residues, shown to be involved in Pidins(3)P binding or
affect endosomal iocalization. of EEA1, were mutated:
His365Ser/His366Ser (HS) and Cys375Ser (CS) mutants
(Stenmark et al., 1996; 2002). Both the mutants equally
bound to Ptdins(3)P, Ptdins(4) and Ptdins(5)P, in a similar
fashion to TF~EhFP4FL (Fig. 4B, h and i).

EhFP4FLCS mutant was expressed as an amino-
terminal HA fusion protein and its localization was exam-
ined by indirect immunofluorescence assay (Fig. 4C). The
distribution of EhFP4FLCS mutant was indistinguishable
from that of the wild-type. ERFP4FLCS mutant was dis-
tributed to the cytosol in steady state (Fig. 4C, a~d), and
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Fig. 3. Involvement of FYVE and CT domains in the EhFP4 recruitment to the phagocytic cup and the tunnel-like structure during

phagocytosis.

A. Localization of wild-type EhFP4 (a—c) and mutant EhFP4 lacking FYVE domain (DH-PH', d-1). Trophozoites of the transformants
expressing HA-EhFP4 or HA-EhFP4DH-PH were co-cultured with Cell tracker orange-loaded CHO cells for 30 min, fixed, reacted with anti-HA
antibody and Alexa-488 conjugated anti-mouse IgG secondary antibody. Arrows indicate HA-EhFP4 on the tunnel-like structure. Open
arrowheads indicate the structures not associated with HA-EhFP4DH-PH. Bars, 10 m. Three additional trophozoites of wild-type EhFP4 and

EhFP4DH-PH are also shown in Fig. $4.

B. Localization of GFP-EhFP4-FYVE in the quiescent state (before phagocytosis, a and b) and during phagocytosis (c—j). Arrows indicate

GFP-EhFP4-FYVE on the tunnel-like structure. Bars, 10 m.

concentrated to the phagocytic cup and the tunnel-like
structure (i-p), similar to the wild-type EhFP4 (Fig. 3B),
while EhFP4FLCS mutant was not accumulated on
phagosomes (Fig. 4C, e~h). Together, these data suggest
that the EhFP4 recruitment to the phagocytic cup is
mainly regulated by the phospholipid binding via the CT
domain, and that the FYVE domain only modulates the
specificity of the phospholipid binding of the EhFP4 CT
domain.

Identification of Rho/Rac small GTPases as
downstream effectors of EhFP4

The close association of EhFP4 with F-actin during
phagocytosis, as shown in Fig. 2D, and the presence of
the RhoGEF/DH domain in EnFP4 led us to speculate that
EhFP4 mediates actin re-arrangement via activation of
Rho/Rac small GTPases. Thus, we attempted to identify
Rho/Rac proteins that interact with EhFP4. In the
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E. histolytica genome database, 24 Rho/Rac genes were
identified. Among them 10 highly transcribed Rho/Rac
genes were selected based on a transcriptome analysis
(Fig. 5A): 108.m00133 (EhRacC; Lohia and Samuelson,
1993), 52.m00167 (EhRho1; Lohia and Samuelson,
1996), 140.m00084, 146.m00106 (EhRacG; Guillen et al.,
1998), 16.m00303 (EhRacD; Lohia and Samuelson,
1993), 197.m00080 (EhRacA; lLohia and Samuelson,
1993), 296.m00051, 87.m00159, 46.m00231 and
69.m00185. Detailed analysis of the microarray study will
be discussed elsewhere.

We examined physical interaction of TF-EhFP4FL,
TE-EhFP4DH-PH or TF with GST-fused Rho/Rac pro-
teins. It was previously shown that RhoGEF/DHs prefer-
entially interact with the nucleotide-free form of Rho/Rac
(Rossman et al., 2005). Purified GST-Rho/Rac protein
was immobilized with glutathione-Sepharose resin and
bound guanine nucleotides were removed by EDTA treat-
ment. The resin was then mixed with TF-EhFP4FL,
TF-EhFP4DH-PH or TF. After washing, unbound and
bound fractions were analysed by immunoblot analysis
with anti-His or antl-GST antibodies (Fig. 5B). Four
Rho/Rac molecules, 108.m00133 (EhRacC), 16.m00303
(EhRacD), 87.m00159 and 46.m00231, bound to both
TF-EhFP4FL and TF-EhFP4DH-PH, but not with TF.
Neither control GST-EhRab7A nor GST bound to
TF-EhFP4FL, TF—EhFP4DH-PH or TF. 69.m00185 also
showed weak, and inconsistent binding, possibly due to
instability of the recombinant protein (K. Nakada-Tsukui,
unpublished). We were unable to detect guanine
nucleotide (GDP/GTP) exchange activity of TF-EhFP4,
TF-EhFP4DH-PH or the TF-EhFP4~DH towards these
Rho/Rac proteins, while GEF activity of EhnGEF1 towards
RacG (Aguilar-Rojas et al., 2005), was detected under the
same conditions.

Expression of the FYVE domain of EhFP4 represses
phagocytosis of CHO cells and carboxylated beads

To get more insight into the role of FYVE domain of
EhFP4 on CHO cell phagocytosis, we further examined
whether expression of the FYVE domain of amoebic
EhFP4 or mammalian Hrs affects phagocytosis. GFP—
EhFP4-FYVE, GFP-Hrs—-FYVE and GFP transformants
were incubated with CHO cells or carboxylated beads to
allow ingestion for 10, 30 and 80 min, and phagocytosis
was analysed by flow cytometry. The percentage of
amoebae that ingested CHO cells was remarkably
affected by expression of GFP-EhFP4-FYVE or GFP-
Hrs—FYVE at all time points (Fig. 6, top left). CHO cell
phagocytosis was enhanced by 1.8- to 2.7-fold in the
GFP-Hrs-FYVE transformant, and repressed by 50-60%
in the GFP-EhFP4-FYVE transformant, when compared
with the GFP transformant. in contrast, bead phagocyto-
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sis was 5-40% reduced by expression of either GFP-
Hrs-FYVE or GFP-EhFP4-FYVE (Fig. 8, bottom).

Discussion

Role of Ptdins(3)P in membrane trafficking in
E. histolytica

In this study, we demonstrated the localization of
Ptdins(3)P in the pathogenic protist E. histolytica. During
the quiescent state, Ptdins(8)P localizes to internal
vesicles/vacuoles, but not primarily in early endosomes
(Fig. 1). The minor contribution of PtdIns(3)P to endo-
some biosynthesis in this protist, which was also previ-
ously shown (Powell et al., 2008), is in sharp contrast to
mammals and yeasts, where Ptdins(3)P localizes to
endosomes and multivesicular endosomes (Gillooly et al.,
2000). It has been well established that Ptdins(3)P func-
tions as a mediator for the endosome and phagosome
maturation by recruiting PtdIns(3)P binding proteins, i.e.
EEA1 and Hrs, in mammals (Gillooly et al., 2001; Chua
and Deretic, 2004; Vieira et al., 2004). Based on the avail-
able genome information, E. histolytica does not have
these effectors, which may explain the lack of Ptdins(3)P
association with endosomes. However, we cannot
exclude the possibility that Ptdins(3)P is localized to the
early endosomes only in the very early phase of endocy-
tosis (within 5 min after internalization), and thus play an
important, but transient role in endocytosis.

Powell and colleagues previously reported that dur-
ing erythrophagocytosis Ptdins(3) accumulated on the
phagocytic cup and peripheral phagosomes (i.e. phago-
somes located close to the plasma membrane), but not on
phagosomes located at the centre of the cell using
GST 2xFYVE recombinant protein as a bioprobe (Powell
et al., 2006). We also observed that GFP-Hrs—FYVE
localized to erythrocyte-containing phagosomes (Fig. S5).
Since the same two tandem copies of the FYVE domain
from human Hrs were used as a Ptdins(3)P biomarker in
both the previous and present studies, the subtle discrep-
ancy of the FYVE localization is most likely due to experi-
mental differences for visualization of Ptdins(3)P. Fixed
trophozoites were previously used to detect Ptdins(3)P
reacted with GST 2xFYVE (Powell et al., 2006), while we
determined the location of Ptdins(3)P using live cells
expressing GFP-Hrs-FYVE.

Possible mechanisms of Ptdins(3)P recruitment to the
phagosome membrane

We demonstrated by time-lapse live imaging (Videos St
and S2, and Fig. 1) that Ptdins(3)P was recruited to the
newly formed phagosome right after ingestion and accu-
mulated on the phagosome membrane. Ellson etal.
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Fig. 4. Phospholipid specificity of EhFP4FL.

A. The domain structures and fusion partners of all the recombinant proteins used in the phospholipid binding study and their phospholipid
specificities.

B. Phospholipid specificity of various recombinant proteins corresponding to the full-length or different domains of EhFP4. A GST fusion
protein of Hrs—FYVE (GST-Hrs—FYVE) and a TF fusion protein of a fuli-length EhFP4 (TF-EhFP4FL), a TF fusion protein of EhFP4-DH
domain (TF-EhFP4-DH), a GST fusion protein of Eh-FYVE domain or the C-terminal region (GST—-EhFP4-FYVE, GST-EhFP4~CT), and two
EhFP4 FL variants with a single (Cys375Ser) mutation or double (His365Ser/His366Ser) mutations in the FYVE domain were examined for
their binding to various phospholipids. TF was used as a conirol. Abbreviations are: LPA, lysophosphatidic acid; LPC, lysophosphocholine;
Ptdins, phosphatidylinositol; Ptdins(3)P, phosphatidylinositol-3-phosphate; Ptdins(4)P, phosphatidylinositol-4-phosphate; PtdIns(5)P,
phosphatidylinositol-5-phosphate; PE, phosphatidylethanolamine; PC, phosphatidyicholine; S1P, sphingosine-1-phosphate; PA, phosphatidic
acid; PS, phosphatidylserine.

C. Localization of EnFP4FL Cys375Ser mutant during phagocytosis. The trophozoites expressing HA-tagged EhFP4FL with the Cys375Ser
mutation (HA-EhFP4FLCS) were co-cultured with Cell tracker blue-loaded CHO cells for 30 min, fixed and incubated with anti-HA and
Alexa-488 conjugated antibody. The cells were then reacted with anti-mouse IgG antibody. (a—d) steady state; (e-h) phagosomes; (i-p) the
phagocytic cup and the tunnel-like structure. Arrows indicate the HA-EhFP4FLCS-associated phagocytic cup. Bars, 10 m.

(2001) reported that Ptdins(3)P is recruited to the phago- support that the ‘kiss and run’ mode of the Ptdins(3)P
somal membrane by de novo synthesis of PtdIns(3)P on recruitment is dominant particularly in ‘fast phagocytosis’.
the phagosome membrane, direct fusion and ‘kiss and As shown in Fig. 1C (20 and 40s, in particular), it
run’ of the Ptdins(3)P-associated vesicles. Our results was frequently observed that Ptdins(3)P vesicles were
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Fig. 5. Expression of E. histolytica Rho/Rac small GTPase genes and in vitro binding of EhFP4 to recombinant Rho/Rac.
A. The relative mRNA levels of putative Rho/Rac genes to RNA polymerase Il is shown, based on a transcriptome analysis using DNA

microarray, Detection P-value: *P < 0.00022, 'P < 0.001, *P < 0.01.

B. Specific binding of EhFP4 to limited members of Rho/Rac. Glutathione-Sepharose resin bound to 1 of 10 GST-Rho/Rac, GST-Rab7A,
or GST was incubated with TF—EhFP4FL, TF-EhFP4DH-PH or TF. After the unbound (‘unbound’) protein was collected, the resin was
extensively washed, and the bound proteins were dissociated from the resin by incubating the resin with SDS-PAGE sample buffer

(‘pull down’). The ‘unbound’ and ‘pull down’ fractions were subjected to SDS-PAGE and immunoblot with anti-His (top three panels) or

anti-GST antibody (bottorn).

concentrated, accumulated around, and most of them
were associated with the phagosome without fusing with
the phagocytic cup and phagosome. It was also notable
that a dramatic increase in the GFP-Hrs—-FYVE signal
occurred (Video S1, 1.483 min) soon after the primary
phagosome came in contact with another preformed
Ptdins(3)P-associated phagosome (0.824 min), but
without direct fusion. These observations are consistent
with the ‘kiss and run’ model. However, we could not
exclude the possibility that the direct fusion of GFP-Hrs—
FYVE-positive vesicles to phagosomes was underesti-
mated because the direct fusion may have occurred too
fast to be detected with the imaging system used in the
present study. Furthermore, EhVps34, a type Il phos-
phatidylinositol 3-kinase, was detected in phagosomes by
proteomics studies (Marion etal., 2005; Okada et al.,
2006). Thus, it is conceivable that synthesis of PtdIns(3)P
by Vps34 on the phagosomal membrane could also be a
source of Ptdins(3)P.

Significance of the intervesicle Ptdins(3)P-associated
thread-like structures

We occasionally observed that Ptdins(3)P-associated
phagosomes were continuously connected with other
GFP-Hrs-FYVE-associated vesicles/vacuoles via the
thread-iike structures. These thread-like structures may
mediate a bulk transfer of Ptdins(3)P from large
Ptdins(3)P-positive vacuoles. Since these Ptdins(3)P-
associated thread-like structures were often found to
connect ‘primary’ and ‘secondary’ phagosomes (e.g. Video
82, 3.0 and 3.5 min), they may also serve to efficiently
transport membrane and luminal materials necessary for
the degradation of the content. Since these Ptdins(3)P-
associated thread-like structures were rarely observed in
the quiescent stage, their emergence is linked to the
activation of PtdIns signalling associated with phagocyto-
sis. Similar structures were reported in mammalian macro-
phages and Caenorhabditis elegans phagocytes (Ellson

© 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1471-1491

- 163 -



