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Entamoeba histolytica, a microaerophilic protozoan parasite, possesses mitosomes. Mitosomes are mitochondrion-related or-
ganelles that have largely lost typical mitochondrial functions, such as those involved in the tricarboxylic acid cycle and oxida-
tive phosphorylation. The biological roles of Entamoeba mitosomes have been a long-standing enigma. We previously demon-
strated that sulfate activation, which is not generally compartmentalized to mitochondria, is a major function of E. histolytica
mitosomes. Sulfate activation cooperates with cytosolic enzymes, i.e., sulfotransferases (SULTSs), for the synthesis of sulfolipids,
one of which is cholesteryl sulfate. Notably, cholesteryl sulfate plays an important role in encystation, an essential process in the
Entamoeba life cycle. These findings identified a biological role for Entamoeba mitosomes; however, they simultaneously raised a
new issue concerning how the reactions of the pathway, separated by the mitosomal membranes, cooperate. Here, we demon-
strated that the E. histolytica mitochondrial carrier family (EhMCF) has the capacity to exchange 3'-phosphoadenosine 5'-phos-
phosulfate (PAPS) with ATP. We also confirmed the cytosolic localization of all the E. histolytica SULTs, suggesting that in Enta-
moeba, PAPS, which is produced through mitosomal sulfate activation, is translocated to the cytosol and becomes a substrate for
SULTSs. In contrast, ATP, which is produced through cytosolic pathways, is translocated into the mitosomes and is a necessary
substrate for sulfate activation. Taking our findings collectively, we suggest that ELMCF functions as a PAPS/ATP antiporter and
plays a crucial role in linking the mitosomal sulfate activation pathway to cytosolic SULT's for the production of sulfolipids.

Entamoeba histolytica is a microaerophilic protozoan parasite
causing intestinal and extraintestinal amebiasis in humans.
These infectious diseases have spread worldwide and have become
a serious public health problem (1). E. histolytica possesses mito-
somes, a type of mitochondrion-related organelle (MRO) (2-5).
This organelle was originally called crypton when its discovery was
reported, and such organelles are currently known as mitosomes,
the widely accepted name (6, 7). MROs are derived from canoni-
cal mitochondria and are ubiquitously found in anaerobic/mi-
croaerophilic eukaryotes (2, 4). MROs display a variety of unique
characteristics which are conferred by essentially reduced and/or
modified mitochondrial functions and that occasionally result
from the addition of new functions acquired through lateral gene
transfer (5, 8). It has been postulated that the uniqueness of MROs
helps organisms to adapt to various niches for their survival (2-5,
8). Entamoeba mitosomes have largely lost typical mitochondrial
functions, such as those involved in the tricarboxylic acid cycle,
electron transport, oxidative phosphorylation, and B-oxidation of
fattyacids (4, 5). This raises two fundamental questions. Why does
Entamoeba maintain mitosomes? What are their biological roles
in this organism?

Despite being recognized, these important issues have not
been satisfactorily addressed. We previously showed that sul-
fate activation, which is not generally compartmentalized to
mitochondria, is a major function in E. histolytica mitosomes (3,
5, 9). Furthermore, we demonstrated that 3'-phosphoadenosine
5’-phosphosulfate (PAPS), which is synthesized through mito-
somal metabolism, acts as an activated sulfur donor mainly to
produce sulfolipids by the catalytic actions of putative cytosolic
sulfotransferases (SULTSs) (5). Cholesteryl sulfate (CS) is one such
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sulfolipid that plays an important role in encystation, a cell differ-
entiation process necessary for maintaining the Entamoeba life
cycle (9). These findings provide not only an explanation for the
biological role of Entamoeba mitosomes but also evidence to sup-
port the uniqueness of MROs.

Importantly, our findings indicate that in Entamoeba, PAPS,
a metabolite synthesized through the mitosomal pathway,
needs to be translocated to the cytosol for the production of
sulfolipids. Therefore, a molecule that can translocate PAPS
from mitosomes to the cytosol must be present. Three candi-
dates which could be responsible for this important function
are encoded in the E. histolytica genome. One is a PAPS trans-
porter, and the others are mitochondrial carrier (MC) proteins
(EHI_068590, EHI_095150, and EHI_153760, respectively)
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TABLE 1 List of primers

Importance of MCF in Sulfate Metabolism in Entamoeba

Described section in Target Protein ID” Primer
Materials and Methods gene name no. Primer name Primer sequence direction
Production of the EWMCF ~ EHI_095150 srMC-F 5'-GCTACTAGTAACAATGATACAAGGTATGACTTATAAACGATTTC-3' Sense
tERMCE stMC-R 5'-ACTGTCGACTTACAATTTAAAGAACTTCTTATATTGATCAAAAG-3'  Antisense
Expressions of HA- EhSULT3  EHI_197340 Ex-3-F 5'-GGCAGATCTATGCTTACCCAAAACCCATATTTATATG-3’ Sense
tagged genes in E. Ex-3-R 5'-GCGAGATCTAAGGTATTTTCCATATTCAG-3’ Antisense
histolytica EhSULT4 EHI_092490 Ex-4-F 5'-GGCAGATCTATGGAATTTAAACGAGCAG-3’ Sense
Ex-4-R 5'-GCGAGATCTATTAGTATCTTTCTTTCCCC-3’ Antisense
EhSULT5  EHI_090430 Ex-5-F 5'-GGCAGATCTATGTCTTTTCCTAATACTGTTC-3’ Sense
Ex-5-R 5'-GCGAGATCTTTTCTTTCCCCAGTAATTTGG-3' Antisense
ERSULT6  EHI_146990 Ex-6-F 5'-GGCAGATCTATGGCTGAAGGATTTGAAAATG-3’ Sense
Ex-6-R 5'-GCGAGATCTAAACATTGTGGGGAATCTATC-3’ Antisense
ERSULT7  EHI_114190 Ex-7-F 5'-AACACATTAACAGATCTATGTCTCTTCCAAATAGTTATCCAG-3’ Sense
Ex-7-R 5'-ATATGGATACATAGATCTATTATCTCCCCAATAATTTGGC-3’ Antisense
EhSULT8 EHI_181190 Ex-8-F 5'-GGCAGATCTATGAGTTCCCAAGAATATGCTC-3’ Sense
Ex-8-R 5'-GCGAGATCTTTTCTTACCATAATAATATGGCATATATTG-3’ Antisense
ERSULT9  EHI_031640 Ex-9-F 5'-GGCAGATCTATGAGTGTTGAAAACTATCC-3’ Sense
Ex-9-R 5'-GCGAGATCTTTTTTTACCATAAAAGTTTGGCATATATTG-3’ Antisense
EhRSULT10 EHI_062680 Ex-10-F 5'-GGCAGATCTATGAACATCTCTTTAAATGATTG-3’ Sense
Ex-10-R 5'-GCGAGATCTAAGTTTCTTTGAAAAAAATTGTTTGATGTAC-3’ Antisense
EhPAPasel EHI_193350 Ex-11-F 5'-AGATCTATGTCATTTGATAAAGAAC-3’ Sense
Ex-11-R 5'-AGATCTTTTTAAATCAGAAAGTAC-3’ Antisense
EhPAPase2 EHI_179820 Ex-12-F 5'-AGATCTATGCAAACTTCGTTATTTG-3’ Sense
Ex-12-R 5'"-AGATCTAAGTAAAATTGTTTTTGAAATAG-3’ Antisense
EhPAPase3 EHI_175410 Ex-13-F 5'-AGATCTATGACTGAAGAAGAGTTA-3’ Sense
Ex-13-R 5'-AGATCTTTGTTTTAATATATCAAATAATTG-3’ Antisense

“1D, identification.

(AmoebaDB; http://amoebadb.org/amoeba/). However, the
PAPS transporter can be ruled out because its nonmitosomal
localization has already been demonstrated (5). Hence, we fo-
cused on the MC proteins as the most likely candidates.

MC proteins belong to a large family of mitochondrial inner
membrane carriers that transport various metabolites between the
cytosol and mitochondrial matrix (10, 11). Most MC proteins are
localized in mitochondria, but atypical localizations in chloro-
plasts and peroxisomes have recently been reported (11). The
structural features conserved in MC proteins include a size of 30 to
35 kDa, three tandemly repeated homologous domains, each of
which has ~100 amino acid residues, and six transmembrane he-
lices forming an aqueous cavity. Substances transported by MC
proteins include nucleotides, amino acids, keto acids, and inor-
ganic phosphate (P;) (10, 11).

In this study, to address the issue of how the mitosomal sulfate
activation pathway and putative cytosolic SULTs cooperate in E.
histolytica, we performed biochemical and cell biological charac-
terizations of an E. histolytica MC protein, E. histolytica mitochon-
drial carrier family (EhMCEF), and related sulfate metabolism en-
zymes, the E. histolytica SULTs (EhSULTSs) and E. histolytica
3'(2"),5'-bisphosphate nucleotidases (EhPAPases).

MATERIALS AND METHODS

Materials. ['*Clleucine (stock radioactivity, 100 pwCi/ml), [**P]ATP
(stock radioactivity, 10 mCi/ml), and [**S]PAPS (stock radioactivity, 1
mCi/ml) were purchased from PerkinElmer Japan (Yokohama, Japan).
Asolectin was from Fluka (Buchs, Switzerland).

Culture of E. histolytica. The E. histolytica HM-1:IMSS cl6 strain was
routinely cultured in vitro in Diamond’s BI-S-33 medium at 37°C as de-
scribed previously (3, 5). Transformants were also obtained in Diamond’s
BI-S-33 medium as described below.
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Indirect immunofluorescence analyses of E. histolytica transfor-
mants expressing HA-tagged EhSULTSs or EhPAPases. Expression plas-
mids for hemagglutinin (HA)-tagged ERSULTs and EhPAPases were con-
structed by PCR amplification of the corresponding open reading frames
(ORFs) using appropriate primers sets (Table 1). Amplicons, except for
the one containing EhSULT7, were then digested with BglII and inserted
into the corresponding sites of the pEhEx-HA plasmid (5). The PCR-
amplified EhRSULT7 fragment was directly cloned into BglII-digested plas-
mid pEhEx-HA using an In-Fusion HD cloning kit from TaKaRa Bio
(Otsu, Japan) according to the manufacturer’s instructions. Lipofection
transfection of E. histolytica trophozoites with the constructed plasmids,
drug selection, maintenance of selected transformants, and indirect im-
munofluorescence analysis of independent established transformants
were performed as described previously (5).

Production and purification of rEhMCF protein. The recombinant
EhMCF (rEhMCF) protein that is encoded in the E. histolytica genome
(EHI_095150 in AmoebaDB; http://amoebadb.org/amoeba/) was pro-
duced using a wheat germ cell-free translation system in the presence of
asolectin liposomes, which were freshly prepared just prior to use, as
described previously (12). Two plasmids, pYT08-EhMCF and pYT08-
codon-optimized EAMCF, were constructed as the templates for in vitro
mRNA synthesis. For pYT08-EhMCF, a DNA fragment encoding the Eh-
MCF ORF was amplified from E. histolytica cDNA by PCR with an appro-
priate primer set (Table 1), digested with Spel and Sall, and inserted into
the corresponding sites of the pYT08 vector (12). For the pYT08-codon-
optimized EhMCEF, a synthetic DNA encoding an EkMCF ORF in which
the codon usage is optimized to that of the wheat germ translation system
(GenBank accession number LC036596) was custom synthesized by
GenScript Japan (Tokyo, Japan) and cloned into Spel and Sall sites of the
pYTO08 vector (12). The mRNAs synthesized from the constructed plas-
mids were then used in the cell-free translation system in the presence of
asolectin liposomes and, when needed, with ['*C]leucine (final radioac-
tivity, 2 wCi/ml) as described previously (12). Subsequently, the reaction
mixtures were centrifuged at 20,000 X g for 20 min at 4°C, and the super-
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natant and the precipitate were separately collected. Finally, the precipi-
tate was suspended in 150 pl 10 mM PIPES-NaOH (pH 6.5) and subjected
to ultrasonication (Digital Sonifier model 250 D; Branson, Danbury, CT,
USA) for 18 s (50% duty cycle). The suspension obtained was used for
vesicle preparations for the transporter activity assay as described in the
following section. As a blank suspension, the reaction mixture operated in
the absence of mRNA was treated in the same way as the FEhMCF protein
suspension. To verify the production of rEhMCF and its purity, 1/100
volumes from each fraction were analyzed by SDS-PAGE, followed by
visualization through either autoradiography or Coomassie brilliant blue
staining.

Transport activity assay of rEhMCEF in vesicles. Two types of the
vesicles, namely, substrate-loaded vesicles and empty vesicles, were pre-
pared and used for the assays. The substrate-loaded vesicles were prepared
essentially as described previously (12). In detail, the rEhMCF protein
suspension (see the section above) was mixed with an equal volume of
solution containing liposomes into which one of the countersubstrates
examined was preloaded. To prepare the liposome solution, 200 mM
PIPES-NaOH (pH 6.5) containing 40 mM potassium gluconate and 50 or
20 mM countersubstrate was added on acetone-washed asolectin (80 mg
lipid/ml), followed by ultrasonication (Digital Sonifier model 250 D;
Branson, Danbury, CT, USA) for 5 min on ice. Subsequently, the obtained
mixture was frozen in liquid nitrogen, thawed at room temperature, and
subjected to ultrasonication (Digital Sonifier model 250 D; Branson, Dan-
bury, CT, USA) for 18 s (50% duty cycle). Finally, the countersubstrate
that was not loaded into vesicles was removed by gel filtration with a
Dowex AG-1X8 column (Bio-Rad, Tokyo, Japan) using 10 mM PIPES—
NaOH (pH 6.5) containing 40 mM potassium gluconate and 100 mM
sodium gluconate. The empty vesicles were prepared in a same way as
described for the substrate-loaded vesicles except that no countersub-
strates were preloaded. Blank controls for each type of vesicle were like-
wise prepared using the blank (see the section above) suspension in place
of the rERMCEF protein suspension.

The transport activity of the rEhMCF in vesicles was measured as
described previously (12). Briefly, a quantitative evaluation of the uptake
of either [>P]ATP or [*°S]PAPS into substrate-loaded or empty vesicles
was performed. The final concentration of preloaded countersubstrate in
the transport assay of the uptake of [*?P]JATP or [**S]PAPS was 25 mM or
10 mM, respectively, and that of added radiolabeled substrate (either
[*2P]ATP or [*°S]PAPS) was 0.5 mM. The reaction was initiated at 25°C
upon addition of 5 pl radiolabeled substrate into 100 pl 10 mM PIPES—
NaOH (pH 6.5) containing either type of vesicle, [**P]ATP (final radio-
activity, 2.7 wCi/ml) or [*>S]PAPS (final radioactivity, 1.5 wCi/ml). Reac-
tions were terminated by the addition of 15 .l stop solution (360 mM
pyridoxal 5'-phosphate, 64 mM mersalyl acid). After removal of ex-
travesicle radiolabeled substrate by gel filtration performed with a Dowex
AG-1X8 column (Bio-Rad, Tokyo, Japan) using 200 mM sodium acetate,
the radioactivity associated with each type of vesicle was measured as units
of disintegrations per minute using an LSC-6100 liquid-scintillation
counter from Aloka (Tokyo, Japan). In parallel, a blank control for each
type of vesicle was assayed. Finally, the amount of substrate transported
into the vesicles was calculated after subtracting the radioactivity of a
blank control from that of the corresponding sample. The amount of
protein which was estimated prior to vesicle preparation was used to de-
termine the specific transporter activity. Its estimation was accomplished
by measuring the intensity of the corresponding bands in SDS-PAGE gels
stained by Coomassie brilliant blue. Bovine serum albumin was used as a
standard.

For a time course analysis, a quantitative evaluation of the uptake of
[>?P]ATP into substrate-loaded vesicles into which nonradiolabeled ATP
was preloaded or into empty vesicles was performed at 0, 5, 10, or 20 min
after starting the incubation. For a countersubstrate specificity analysis, a
quantitative evaluation of the uptake of either [**P]ATP or [*>S]PAPS
into the substrate-loaded vesicles into which one of the various substances
tested was preloaded or into empty vesicles was performed after 10 min of
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incubation. The obtained activities were statistically analyzed with Stu-
dent’s ¢ test.

Nucleotide sequence accession numbers. The proteins described in
this study (GenBank accession numbers, E. histolytica genome identifica-
tion numbers) and the accession number of the EMCF synthetic gene are
as follows: MCF (XP_649800, genome identification number EHI_095150),
P; transporter (XP_656350, EHI_153760), PAPS transporter (XP_654175,
EHI_068590), SULT1 (XP_654200, EHI_140740), SULT2 (XP_654101,
EHI_166030), SULT3 (XP_651675, EHI_197340), SULT4 (XP_655605,
EHI_092490), SULT5 (XP_650013, EHI_090430), SULT6 (XP_649714,
EHI_146990), SULT7 (XP_651768, EHI_114190), SULT8 (XP_652989,
EHI_181190), SULT9 (XP_653539, EHI_031640), SULT10 (XP_650544,
EHI_062680), PAPasel (XP_651950, EHI_193350), PAPase2 (XP_655585,
EHI_179820), PAPase3 (XP_650613, EHI_175410), and the synthetic Eh-
MCF cDNA (LC036596).

RESULTS AND DISCUSSION

All EhSULTSs are localized in the cytosol. The E. histolytica ge-
nome contains 10 genes that encode putative SULTs, which can
catalyze the production of sulfated molecules, e.g., sulfolipids,
from PAPS and sulfur acceptors (AmoebaDB; http://amoebadb
.org/amoeba/ [5, 9]). We previously demonstrated the cytosolic
localization of EhSULT1 and -2 (5). To fully determine the local-
ization of all ERSULTS, we established independent transformants
expressing HA-tagged EhSULT3 to -10 in E. histolytica and ana-
lyzed the transformants obtained. The fluorescent signals detected
in these transformants were distributed throughout cells, except
in organelles such as the nucleus, vacuoles, and small vesicles (Fig.
1). This result, combined with the data corresponding to the cy-
tosolic localization of EhRSULT1 and -2 (5), indicates that all Eh-
SULTs are localized in the cytosol (Fig. 1). Importantly, it also
confirms the cytosolic localization of EhnSULT6, which catalyzes
the production of CS, a sulfolipid important for Entamoeba en-
cystation (9). These findings are consistent with the requirement
for PAPS, a mitosomal sulfate-activated metabolite, to be trans-
ported into the cytosol for it to be a substrate for ERSULTS in E.
histolytica.

Production, purification, and characterization of rEhMCF
protein. Two E. histolytica MC proteins (EHI_095150 and
EHI_153760, respectively) have been characterized as an ADP/
ATP carrier (AAC) and a P; carrier (AmoebaDB; http://amoebadb
.org/amoeba/ [6, 9, 13]). In addition, phylogenetic analysis
showed that only the E. histolytica AAC (EhAAC) and not the P;
carrier is a member of a subfamily cluster of MC proteins, which
includes carriers transporting adenine nucleotides and coenzyme
A (CoA) (13). Recently, a carrier that was originally characterized
as an AAC of the thylakoid membrane (14) was shown to possess
a capacity for countertransporting PAPS; therefore, it is now
known as a PAPS transporter (15). These findings narrow down
the mitosomal membrane PAPS transporter candidates and are
consistent with our hypothesis that EhAAC acts as an antiporter
that can transport PAPS across mitosomal membranes in E. his-
tolytica. EhAAC is more commonly termed E. histolytica mito-
chondrial carrier family (EhMCF) (3, 5, 6, 16); therefore, unless
otherwise stated, we use the name EhMCEF here.

Obtaining functional rEhMCF protein is necessary to address
how the mitosomal sulfate activation pathway cooperates with
cytosolic SULTs in E. histolytica. To achieve this, we exploited a
wheat germ cell-free translation system in the presence of asolec-
tin liposomes because this system circumvents several problems
encountered in expressing recombinant membrane proteins in
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FIG 1 Localization of EhSULTS3 to -10 in E. histolytica. Indirect immunoflu-
orescence images of transformants expressing HA-tagged EhSULT3 to -10 are
shown. Bars, 10 pm.

surrogate organisms or cells (17, 18). In this system, we can trace
only the target recombinant protein as a nascent protein using a
radiolabeled leucine. The molecular size of the synthesized radio-
labeled protein was ~30 kDa, which is close to the deduced mo-
lecular mass of EhMCF (30,443 Da), and it was predominantly
recovered from the fraction precipitated at 20,000 X g (Fig. 2A).
The yield of rEhMCF could be improved by using a synthetic
EhMCEF cDNA in which the codon usage is optimized to that of the
wheat germ translation system (Fig. 2A; GenScript Japan [Tokyo,
Japan]). Most importantly, rEhMCF was highly enriched and be-
came a major protein in the precipitated fraction, indicating that
centrifugal fractionation is sufficient to purify rEhMCF nearly to
homogeneity (Fig. 2B).

We then examined whether the rERMCEF purified as the pre-
cipitated fraction was functional by measuring its ability to trans-
port ATP, a standard substrate for MC proteins. Uptake of **P-
labeled ATP into substrate-loaded vesicles proceeded in a time-
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FIG 2 Production, purification, and characterization of rEhMCEF. Production
(A) and purification (B) of rEAMCF and the assay system for measurement of
its transporter activity (C). Autoradiograph (A) and Coomassie brilliant blue-
stained (B) SDS-PAGE gels are shown. The loaded samples, which were pre-
pared by centrifugal fractionation of a reaction mixture from the cell-free
translation system, were as follows: I, initial material; S, supernatant; P, pre-
cipitate. The different DNA fragments carrying an EEMCF ORF in the pYT-08
vector are as follows: native, a PCR-amplified DNA from E. histolytica cDNA;
codon-optimized, a synthetic DNA in which the codon usage of the EnMCF
OREF is optimized to that of the wheat germ translation system. (C) Time
course of the uptake of ATP into vesicles. The uptake of external [**P]ATP into
the substrate-loaded vesicles preloaded with nonradiolabeled ATP (open) or
into empty vesicles (filled) was measured. The data are shown as means *
standard deviations (SDs) (indicated with error bars) of the results from more
than three independent experiments. Asterisks indicate significant differences
from empty vesicles (¥, P < 0.05; **P < 0.01).

dependent manner, while uptake of **P-labeled ATP into empty
vesicles could not be detected (Fig. 2C). These results validate the
biochemical methodology used in this study. Furthermore, they
indicate that rERMCEF is properly reconstituted into the lipid bi-
layer of asolectin liposomes, indicating that rEhMCF can function
as an antiporter.

The EhMCF functions as a PAPS/adenosine 3’,5'-bisphos-
phate (PAP) and PAPS/PAPS antiporter in vitro. Our primary
question— does EhMCF, a mitosomal protein, participate in the
translocation of PAPS across mitosomal membranes in E. histo-
Iytica?— can be now addressed. To address this question, we mea-
sured the countertransport activity of the reconstituted rERMCF
for ATP with PAPS, ATP, ADP, or AMP. The uptake of **P-la-
beled ATP into the substrate-loaded vesicles was significantly
higher when PAPS was used as a countersubstrate (11.7 £ 0.4
nmol/mg protein) than when adenosine mono-, di-, or triphos-
phates were used (3.2 = 0.2, 0.0 = 0.5, or 1.8 = 0.7 nmol/mg
protein, respectively). The uptake of **P-labeled ATP into empty
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FIG 3 Countersubstrate specificities of rEhMCF reconstituted in vesicles. The
substrate-loaded vesicles (preloaded substances are indicated by names) and
the empty vesicles (indicated by a minus sign) were assayed for the uptake of
either [**P]JATP (A) or [*>S]PAPS (B). The specific transport activity (A) and
the transport activity relative to that of PAPS as the control (set as 100%) (B)
are shown. The data are presented as the means * SDs calculated from the
results of three independent experiments. The raw data used to calculate the
relative activity levels are as follows: PAPS, 32.8 = 7.2; PAP, 39.1 = 13.9; ATP,
14.1 = 5.0; ADP, 13.6 = 3.2; AMP, 2.4 = 0.7; APS, 7.3 £ 1.6; CoA, 4.2 = 0.7;
sulfate, 0.1 = 0.1; GTP, 0.1 * 0.2; —, 0.0 = 0.1 (nmol/mg protein/min).
Asterisks indicate significant differences between PAPS and other countersub-
strates (¥, P < 0.05; **P < 0.01).

vesicles could not be detected (Fig. 3A). These data are partly
inconsistent with those from a previous study owing to differences
in the ATP/ADP exchange activity (6). In this study, no uptake of
?P-labeled ATP into the ADP-loaded vesicles or the empty vesi-
cles could be detected, while in the previous study, a significant
uptake of '*C-labeled ATP into ADP-loaded vesicles was ob-
served. Assessment of this difference is hampered by the lack of
demonstration of uptake of '*C-labeled ATP into the empty vesi-
cles in the former work. They also showed a significant uptake of
'“C-labeled ADP into ATP-loaded vesicles, a result which was well
supported by showing competitive inhibition by excess cold ADP
as well as the absence of uptake into the empty vesicles. This in-
consistency in the reported ATP/ADP exchange activity may be
due to differences in proteoliposome preparations, in compo-
nents in the reactions (e.g., the use of radiolabeled materials as a
substrate or of preloaded molecules as a countersubstrate), and/or
in assay conditions (e.g., incubation time or concentrations of
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substrate added and of countersubstrate preloaded). Another ex-
planation is possible differences in the lipid compositions because
of different membrane sources having been used for protein re-
constitutions (this study and reference 6). More importantly, the
data (Fig. 3A) clearly indicate that ELMCF indeed has the capacity
for countertransport of ATP using PAPS as a preferred counter-
substrate.

To investigate further the countersubstrate specificity, we mea-
sured the activity of PAPS countertransport with various sub-
stances. Among potential countersubstrates examined, adenosine
3',5'-bisphosphate (PAP) gave the highest activity for the uptake
of **S-labeled PAPS into the substrate-loaded vesicles (119.2 *
42.4% relative to that of PAPS as 100% control). Adenosine
mono-, di-, and triphosphates all gave moderate activities, but a
preference for ATP and ADP over AMP (43.0 = 15.2% and 41.5 =
9.6% over 7.3 * 2.2%, respectively) was observed. Similarly,
adenosine 5’'-phosphosulfate (APS) and coenzyme A (CoA) also
gave moderate activities (22.3 * 4.8% and 12.8 * 2.2%, respec-
tively). Sulfate and GTP gave nearly untraceable activities (0.3 *
0.2% and 0.3 = 0.5%, respectively). Consistent with the assays
using *’P-labeled ATP, uptake of **S-labeled PAPS into empty
vesicles could not be detected at all (Fig. 3B). These data (Fig. 3)
indicate that EhMCEF is different from archetypal AACs regarding
countersubstrate specificity and are in agreement with the previ-
ous finding that carboxyatractyloside and bongkrekic acid, spe-
cific inhibitors of most AACs, are not effective against EhRAAC (6).
More importantly, these data indicate that EhMCF functions
mainly as a PAPS/PAP and PAPS/PAPS antiporter in vitro.

Evidence that EhMCF functions mainly as a PAPS/ATP anti-
porter in vivo. Generally, PAP is produced together with a sul-
fated molecule through the catalytic action of SULT with respect
to PAPS and a sulfur acceptor. PAP is then degraded to adenosine
5’-phosphate and P; by 3’(2'),5-bisphosphate nucleotidase [19,
20; 3'(2),5'-bisphosphate nucleotidase is described here as
PAPase for ease of reading]. In E. histolytica, all the EhSULTSs are
localized in the cytosol (Fig. 1) (5), and EhMCEF has a high capacity
for countertransport of PAPS with PAP or PAPS in vitro (Fig. 3).
Therefore, we inferred that knowing the localization of EhPAPase
is important for predicting the availability of the substrates for
EhMCEF in vivo; this will help unravel its precise role.

In the E. histolytica genome, three genes encoding putative
PAPasel to -3 (EHI_193350, EHI_179820, and EHI_175410, re-
spectively) (AmoebaDB; http://amoebadb.org/amoeba/) are pres-
ent. To determine the localization of all the PAPases in E. histo-
Iytica, we established independent transformants expressing each
HA-tagged EhPAPase. In all the transformants analyzed, except in
organelles such as the nucleus, vacuoles, and small vesicles, the
fluorescent signals were evenly distributed throughout cells, indi-
cating that EhPAPasel to -3 are localized in the cytosol (Fig. 4).
Consistent with these observations, the cytosolic localizations of
EhPAPasel and -2 have been recently reported (21, 22). More-
over, EhPAPasel has been biochemically characterized (21) and
active transcription of EhPAPasel to -3 has been reported (23).
Collectively, these findings indicate that all the EhPAPases are
functional in the E. histolytica cytosol.

This notion, together with the cytosolic localization of all the
EhSULTs (Fig. 1) (5), suggests that PAP produced by the catalytic
action of EhSULTS is sequentially degraded by EhPAPases; there-
fore, the PAP concentration in the cytosol is maintained at a low
level in E. histolytica. This is consistent with the general idea that
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PAPase2

PAPase1
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FIG 4 Localization of EhPAPasel to -3 in E. histolytica. Indirect immunoflu-
orescence images of transformants expressing HA-tagged EhPAPasel to -3 are
shown. Bars, 10 pm.

PAP is toxic to cells (24) but contradicts another interpretation of
the results (Fig. 3), i.e., that ERMCF functions mainly as a PAPS/
PAP and PAPS/PAPS antiporter in vitro. However, the results
(Fig. 3) also showed that the reconstituted rEhMCF had high ac-
tivity for the exchange of ATP with PAPS. ATP, which is mainly
synthesized through cytosolic pathways, is a crucial molecule for
the sulfate activation pathway to produce PAPS in E. histolytica
mitosomes, whereas PAPS is a necessary substrate for EhSULT to
produce sulfolipids in the cytosol. Hence, maintaining a molecule
such as ERMCEF that has a high capacity for exchanging ATP with
PAPS across the mitosomal membrane could be beneficial for E.
histolytica.

In agreement with this interpretation, we previously demon-
strated that MCFgs, an E. histolytica G3 strain in which EWMCF
was knocked down by gene silencing, showed a significant reduc-
tion in sulfate activation activity and a marked growth defect (3).
This finding can be now explained by that the shortage of ATP in
the mitosomes as well by as a shortage of PAPS in the cytosol. This
would impair the synthesis of sulfolipids, which plays important
roles in E. histolytica growth. However, a study to confirm the
importance of sulfolipids in E. histolytica is needed.

Mechanistically, the EitMCF knockdown causes an evident re-
duction in the exchange activity of PAPS with ATP across the
mitosomal membrane in E. histolytica; this reduction lowers the
flow of cytosolic ATP into mitosomes, leading to a mitosomal
ATP shortage. This shortage severely impairs mitosomal sulfate
activation activity; therefore, PAPS production significantly de-
creases. In addition, even the PAPS produced cannot be efficiently
translocated into the cytosol because of the defect in ERMCF ac-
tivity. Consequently, PAPS levels in the cytosol become remark-
ably low, resulting in the halting of almost all EnSULT sulfolipid
synthesis.

In conclusion, we suggest that EhMCF functions mainly as a
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Importance of MCF in Sulfate Metabolism in Entamoeba

Entamoeba
/ SOZ ar
L —
Nja\s mitosome
soz M
ATP
AS
sulfate Pi?l —> Pi—= i
activation APS
APSK ATP
DP
PAPS
S pAPS ATP

PAPS ATP

lipids /

PAPS

SULTs
PAP——————>AMP + Pi
S

PAPase:
sulfolipids

FIG 5 A scheme for sulfate metabolism in E. histolytica. The flow of metabo-
lites and the enzymes involved are depicted, based on evidence from previous
studies (3, 5, 13, 21, 22) as well as from the present study. APS, adenosine
5'-phosphosulfate; APSK, APS kinase; AS, ATP sulfurylase; IPP, inorganic
pyrophosphatase; MCF, mitochondrial carrier family; NaS, sodium/sulfate
symporter; PAP, adenosine 3',5'-bisphosphate; PAPase, 3'(2'),5'-bisphos-
phate nucleotidase; PAPS, 3'-phosphoadenosine 5’-phosphosulfate; Pi, inor-
ganic phosphate; PiC, Pi carrier; PPi, pyrophosphate; SULT, sulfotransferase.

PAPS/ATP antiporter and links the mitosomal sulfate activation
pathway to the cytosolic chain reaction that is composed of
EhSULTSs and EhPAPases in E. histolytica (Fig. 5).
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