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The Entamoeba histolytica upstream regulatory element 3-binding protein (URE3-BP) is a transcription
factor that binds DNA in a Ca®*-inhibitable manner. The protein is located in both the nucleus and the
cytoplasm but has also been found to be enriched in the plasma membrane of amebic trophozoites. We
investigated the reason for the unusual localization of URE3-BP at the amebic plasma membrane. Here we
identify and characterize a 22-kDa Ca**-dependent binding partner of URE3-BP, EhC2A, a novel member of
the C2-domain superfamily. Inmunoprecipitations of URE3-BP and EhC2A showed that the proteins interact
and that such interaction was enhanced in the presence of Ca®>*. Recombinant and native EhC2A bound
phospholipid liposomes in a Ca*>*-dependent manner, with half-maximal binding occurring at 3.4 uM free
Ca®*. A direct interaction between EhC2A and URE3-BP was demonstrated by the ability of recombinant
EhC2A to recruit recombinant URE3-BP to phospholipid liposomes in a Ca**-dependent manner. URE3-BP
and EhC2A were observed to translocate to the amebic plasma membrane upon an increase in the intracellular
Ca’* concentration of trophozoites, as revealed by subcellular fractionation and immunofluorescent staining.
Short hairpin RNA-mediated knockdown of EhC2A protein expression significantly modulated the mRNA
levels of URE3-BP-regulated transcripts. Based on these results, we propose a model for EhC2A-mediated
regulation of the transcriptional activities of URE3-BP via Ca®*-dependent anchoring of the transcription

factor to the amebic plasma membrane.

The parasite Entamoeba histolytica is the causative agent of
amebiasis, estimated to be the second leading protozoan cause
of morbidity and mortality in humans worldwide (2). The mo-
lecular mechanisms that regulate the outcome of infection
have yet to be elucidated; however, we hypothesize that tran-
scriptional regulation may play an essential role in determining
such outcomes.

The calcium ion (Ca**) is a universal regulator of many
cellular processes in eukaryotic cells, including cell signaling
events, gene expression, and cell death. In Entamoeba, Ca**
has been implicated in many aspects of the parasite’s patho-
physiology, including cell motility (35), adhesion to fibronectin
(6), cytolytic activity (36), transcriptional regulation (16-18),
and growth and developmental stage transition (25, 26). In
eukaryotes, these processes are generally mediated by proteins
possessing Ca**-binding motifs, such as EF-hands, endonexin
folds, and C2 domains, which, in response to changes in intra-
cellular Ca*" levels, are responsible for the transduction of
signaling events, several of which have been identified in
Entamoeba (for a review, see reference 4).

The upstream regulatory element 3-binding protein (URE3-
BP) is an E. histolytica Ca*>* -regulated transcription factor first
identified for its roles in the control of the expression of ferre-
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doxin (fdxI) and the heavy subunit of the galactose/N-acetyl-
galactosamine (Gal/GalNAc)-inhibitable lectin (/4gl5). The
protein was isolated by a yeast one-hybrid screen using the
cognate URE3 DNA motif (17), though the amino acid se-
quence of URE3-BP revealed no DNA-binding motifs. The
protein did, however, possess two canonical and one nonca-
nonical EF-hand motifs. URE3-BP localized to both the nu-
cleus and the cytoplasm of trophozoites and was also found to
be enriched in the plasma membrane. Ca*" induced the re-
lease of binding of URE3-BP from the URE3 motif in vitro and
in vivo (18). Mutation of the second EF-hand motif at residues
critical for Ca®* coordination abrogated this effect and allowed
for the genome-wide identification of targets of URE3-BP in
parasites overexpressing the mutant protein (16).

In this study, we explored the reason for the unusual plasma
membrane localization of the URE3-BP transcription factor.
We discovered a novel URE3-BP binding partner, EhC2A,
containing an N-terminal Ca®*-binding C2 domain and a pro-
line-rich C-terminal region. C2 domains are ~120-residue mo-
tifs that confer phospholipid-binding activity on the majority of
proteins which possess them (reviewed in references 9, 22, and
37). EhC2A coimmunoprecipitated with URE3-BP in a Ca®*-
dependent manner and was shown to be a high-affinity Ca®*-
dependent membrane binding protein. In addition, recombi-
nant EhC2A recruited recombinant URE3-BP to phospholipid
vesicles in vitro in a Ca®>"-dependent manner, indicative of a
direct interaction between the binding partners. In amebic
trophozoites, EhC2A and URE3-BP translocated to the
plasma membrane upon exposure to increased intracellular
Ca®" concentrations, suggesting an important role for EhC2A
as a regulator of URE3-BP cellular localization.
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MATERIALS AND METHODS

Cultivation and transfection of E. histolytica trophozoites. E. histolytica strain
HMI1:IMSS trophozoites were grown at 37°C in TYI-S-33 medium supplemented
with penicillin (100 U/ml) and streptomycin sulfate (100 pg/ml) (Gibco/BRL)
(13). In some experiments (as indicated below), cells were incubated in medium
containing 5 mM EGTA or 1 mM CaCl, and 1 uM calcium ionophore A23187
(Sigma) for 1 h at 37°C. Stable transfection of trophozoites with plasmids ex-
pressing EnC2A short hairpin RNA (shRNA) comprising nucleotides 363 to 391
[EhC2A (363-391)] EhC2A (363-391 scrambled) control shRNA was achieved
using the lipofection technique as previously described (24, 33). Transfectant
trophozoites were maintained under selection with hygromycin (30 wg/ml). Hy-
gromycin selection was gradually increased to 90 pg/ml in order to achieve
protein knockdown (24).

Construction of expression vectors and recombinant protein purification. To
generate a glutathione S-transferase (GST)-tagged EhC2A fusion protein ex-
pression vector, the full-length open reading frame of EhC2A was amplified by
PCR from E. histolytica HM1:IMSS genomic DNA using the following primers,
which introduced EcoRI and Xhol restriction sites to the DNA fragment: 5'-C
CGGAATTCATGAGAATAGAACTTAAAGTTATTGAAGG-3" and 5'-CCG
CTCGAGTTAATAAAATCCTGGTGGTGGCATCATACC-3'. This fragment
was then cloned into pGST-Parallell using the corresponding sites (38). The
His,-tagged EhC2A fusion protein expression vector was generated by using
PCR to amplify the full-length open reading frame of EhC2A with the following
primers: 5'-ATGAGAATAGAACTTAAAGTTATTGAAGG-3' and 5'-TTAA
TAAAATCCTGGTGGTGGCATCATACC-3'. This fragment was then cloned
into the PCRT7/NT TOPO expression vector (Invitrogen).

The expression of His-tagged EhC2A and GST-tagged EhC2A fusion pro-
teins in Escherichia coli BL21(DE3)/pLysS cells (Invitrogen) was induced with 1
mM isopropyl-B-p-thiogalactopyranoside. The GST-tagged EhC2A fusion pro-
tein was purified by affinity chromatography using glutathione-Sepharose
(Sigma) according to the manufacturer’s directions. The Hisg-tagged EhC2A
fusion protein was purified by affinity chromatography using TALON metal
affinity resin (Clontech) as specified by the manufacturer. Recombinant
URE3-BP was a kind gift from Eric Smith, Taryn Haffner, and Amy Raymond of
Emerald BioStructures.

Construction of short hairpin RNA expression vectors. Construction of the
shRNA-expressing vectors was performed as previously described (24). Briefly, the
RNA polymerase III promoter of the E. histolytica U6 gene was amplified beginning
at position —333 from the transcription start site of the U6 small nuclear RNA gene,
and the shRNA-encoding DNA was added by PCR at the transcription start site.
The resulting U6 promoter-shRNA constructs were cloned into pGIR310 modified
to contain a short polylinker. The shRNAs were designed to have a 29-nucleotide
complementary stem with a 9-nucleotide loop. The oligonucleotides used for the
construct expressing an sShRNA corresponding to nucleotides 363 to 391 of the gene
encoding EhC2A were C2AR1 (5'-TCTCTTGAATCATGCCTGGTTGCATTGG
TGGAACCATTGGGCCCAATTTTATTTTTCTTTTTATCC-3') and C2AR2
(5'-TCGATCGCGGCCGCAAAAAATGGTTCCACCAATGCAACCAGGCAT
GATCTCTTGAA-3") The oligonucleotides used for the construct expressing a
scrambled shRNA control with the same nucleotide composition in a random order
were C2ASR1 (5'-TCTCTTGAAATCTGGAACGGTCTGGATTGTCTAGCCT
TGGGCCCAATTTTATTTTTCTTTTTATCC-3') and C2ASR2 (5'-TCGATCGC
GGCCGCAAAAAAGGCTAGACAATCCAGACCGTTCCAGATTCTCTTGA
A-3").

Antibodies. A polyclonal antiserum was raised against EhC2A by immunizing
New Zealand White rabbits with purified GST-tagged EhC2A fusion protein
(Cocalico Biologicals Co.). For the preabsorption experiments to determine
antiserum specificity, EhC2A antiserum (1:2,000) was preabsorbed with 500 pg
of GST alone or GST-EhC2A for 6 h at room temperature prior to probing
polyvinylidene fluoride (PVDF) membranes. The mouse anti-URE3-BP mono-
clonal antibodies (MAbs) 4D6 and 3E6 have been previously described (18). The
mouse anti-light subunit of the E. histolytica Gal/GalNAc-inhibitable lectin
(LGL), MAD 1D4, has also been previously characterized (27). Rabbit polyclonal
antibody against actin was purchased from Santa Cruz Biotechnology. Goat
anti-mouse IgG and goat anti-rabbit IgG were purchased from Sigma. Goat
anti-rabbit IgG Alexa Fluor 488 and goat anti-mouse IgG Alexa Fluor 546 were
purchased from Invitrogen.

Preparation of cellular extracts, immunoprecipitation, and Western blotting.
E. histolytica trophozoites were washed once with phosphate-buffered saline
(PBS) and lysed in lysis buffer (150 mM NaCl, 50 mM Tris, pH 8.3, 1% Nonidet
P-40, 1.8 mM E-64, supplemented with protease inhibitor cocktail I [Sigma]
according to the manufacturer’s instructions). The protein concentrations of
extracts were measured using a bicinchoninic acid (BCA) protein assay kit
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according to the manufacturer’s protocol (Pierce Biotechnology), and samples
were normalized for protein concentration. To detect EhC2A, whole-cell lysates
(50 pg total protein/well) or recombinant His,-tagged EhC2A was separated by
15% polyacrylamide gel electrophoresis and transferred to PVDF membranes.

For immunoprecipitations, lysates (supplemented with 5 mM EGTA, 5 mM
EDTA or 5 mM CaCl,, as indicated in Fig. 1) were preincubated for 1 h with 50
wl of protein G-Dynabeads (Invitrogen) to reduce nonspecific protein binding.
For immunoprecipitations to detect URE3-BP-interacting proteins, lysates were
incubated overnight at 4°C with 50 pl of protein G-beads to which URE3-BP
MAD 4D6 or 3E6 or control mouse IgG had been covalently attached as specified
by the manufacturer. For immunoprecipitations to determine the URE3-BP-
EhC2A interaction, lysates supplemented with 5 mM EDTA or 0.1 mM CaCl,
(as indicated in Fig. 3) were incubated at 4°C for 3 h with the antibodies indicated
below and further incubated with protein G-beads for 1 h. The beads were
magnetically concentrated as directed by manufacturer and washed two times
with lysis buffer containing 0.5% Nonidet P-40 and once with PBS. Proteins
bound to the beads were eluted in Laemmli sample buffer and boiled for 5 min.
The proteins were separated by 15% polyacrylamide gel electrophoresis and
transferred to PVDF membranes, which were blocked with 5% milk. For far-
Western blot analysis, the membranes were overlaid with amebic whole-cell
lysate at a final concentration of 100 wg/ml, enriched with 5 mM EDTA or 5 mM
CaCl,. Membranes were stained using URE3-BP MAb 4D6 (5 pg/ml), preim-
mune serum, or EhC2A anti-serum (1:500) and horseradish peroxidase-conju-
gated goat anti-mouse or horseradish peroxidase-conjugated goat anti-rabbit
antibody. Pierce ECL Western blotting substrate (Thermo Scientific) was used
for visualization.

Protein band sequencing and analysis. Protein sequencing was performed at
the Keck Center for Biomedical Research at the University of Virginia. The
polyacrylamide gel piece was transferred to a siliconized tube and washed and
destained in 200 wl of 50% methanol overnight. The gel pieces were dehydrated
in acetonitrile, rehydrated in 30 pl of 10 mM dithiothreitol (DTT) in 0.1 M
ammonium bicarbonate, and reduced at room temperature for 30 min. The DTT
solution was removed, and the sample alkylated in 30 pl of 50 mM iodoacet-
amide in 0.1 M ammonium bicarbonate at room temperature for 30 min. The
reagent was removed, and the gel pieces dehydrated in 100 pl of acetonitrile. The
acetonitrile was removed, and the gel pieces rehydrated in 100 pl of 0.1 M
ammonium bicarbonate. The gel pieces were dehydrated in 100 pl of acetoni-
trile, the acetonitrile removed, and the pieces completely dried by vacuum
centrifugation. The gel pieces were rehydrated in 20 ng/ul trypsin in 50 mM
ammonium bicarbonate on ice for 10 min. Any excess trypsin solution was
removed, and 20 pl of 50 mM ammonium bicarbonate added. The sample was
digested overnight at 37°C, and the resulting peptides were extracted from the
polyacrylamide in two 30-ul aliquots of 50% acetonitrile-5% formic acid. These
extracts were combined and evaporated to 25 pl for mass spectrometry (MS)
analysis.

The liquid chromatography (LC)-MS system consisted of a Finnigan LCQ ion
trap mass spectrometer system with a Protana nanospray ion source interfaced to a
self-packed 8-cm by 75-pum (inner diameter) Phenomenex Jupiter 10-pm Cjg re-
versed-phase capillary column. Volumes of 0.5 to 5 pl of the extract were injected,
and the peptides eluted from the column by an acetonitrile-0.1 M acetic acid
gradient at a flow rate of 0.25 wl/min. The nanospray ion source was operated at 2.8
kV. The digest was analyzed using the double play capability of the instrument,
acquiring full-scan mass spectra to determine peptide molecular weights and product
ion spectra to determine amino acid sequences in sequential scans. This mode of
analysis produces approximately 400 collision-activated dissociation (CAD) spectra
of ions ranging in abundance over several orders of magnitude, though not all CAD
spectra are derived from peptides. The data were analyzed by database searching
using the Sequest search algorithm (14). Peptides that were not matched by this
algorithm were interpreted manually and searched versus the expressed sequence
tag databases using the Sequest algorithm.

Liposome binding assays. For quantitative liposome binding assays, *H-la-
beled liposomes were prepared by drying a mixture of 0.5 mg of L-a-phosphati-
dylserine, 1.5 mg of L-a-phosphatidylcholine (both at 10 mg/ml in chloroform;
Avanti Polar Lipids), and 20 ul of cholesterol [7-*H(N)] (1 mCi/ml with specific
activity of 20 Ci/mmol; American Radiolabeled Chemicals) under a nitrogen gas
flow, followed by overnight vacuum drying to remove residual chloroform. Dried
phospholipids were resuspended in 10 ml of buffer A (50 mM HEPES, pH 7.2,
0.1 M NaCl) and sonicated for 30 s using a probe sonicator at 30 kHz. The
liposome suspension was centrifuged at 10,000 X g for 10 min, washed two times,
stored in the same buffer at 4°C, and used within a week.

Quantitative liposome binding assays were performed using 50 pg of GST-
tagged EhC2A bound to 20 pl (wet volume) of MagneGST beads (Promega).
Beads were prewashed with buffer A and resuspended in 0.1 ml of buffer A
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containing *H-labeled liposomes and the respective additions of CaCl, and
EGTA to attain the indicated level of free Ca®* as calculated using the WEBMAXC
extended version (available at http://maxchelator/stanford.edu). The mixture was
incubated at room temperature for 30 min. Beads were magnetically concentrated as
specified by the manufacturer and washed three times with 1 ml of the same buffered
Ca?* solution without liposomes. Liposome binding was then quantified by liquid
scintillation counting of the beads. Curve fitting and binding constant calculations
were performed using Origin software (OriginLab Corp.). All Ca®"-containing buff-
ers were prepared using a 0.1 M CaCl, standard solution (Thermo Electron Corp.).
All experimental results were confirmed with at least three independent experi-
ments. Statistical analysis was performed using Student’s ¢ test.

Liposome sedimentation assays were performed essentially as previously de-
scribed (40). Briefly, liposomes were prepared as described above without cho-
lesterol [7->H(N)]. Amebic trophozoites were lysed by pulse sonication in buffer
A, followed by centrifugation at 10,000 X g for 10 min. Fifty micrograms of the
resulting supernatant (S10) was resuspended with 200 pg of liposomes in 50 .l
of buffer A supplemented with 5 mM EGTA or 50 uM CaCl, for 30 min at room
temperature. Sedimentation controls were performed in the absence of lipo-
somes. Mixtures were centrifuged at 10,000 X g for 10 min, and lipid pellets
analyzed by Western blotting for EnC2A.

For liposome recruitment assays, 0.5 wg of recombinant URE3-BP and, sep-
arately, 0.1 pg, 0.25 pg, or 0.5 ng of GST or GST-tagged EhC2A in 10 pl of
buffer B (120 mM KClI, 20 mM histidine, pH 6.4) containing either 5 mM EGTA
or 10 M CaCl, were incubated at room temperature for 30 min. The solutions
were spun at 10,000 X g to remove background protein sedimentation. Pre-
cleared recombinant URE3-BP and GST or GST-EhC2A were resuspended with
200 pg of liposomes and incubated at room temperature for 1 h. Sedimentation
controls were performed in the absence of liposomes. Mixtures were centrifuged
at 10,000 X g for 10 min, and liposome-containing pellets and supernatants
analyzed by Western blotting for EnC2A and URE3-BP.

Subcellular fractionation. Subcellular fractionation was performed by lysing
the amebic trophozoites by pulse sonication in 50 mM Tris-HCI, pH 7.4, 10 mM
NaCl, 1 mM DTT, and protease inhibitors (as described above), followed by
centrifugation at 100,000 X g (Beckman MLA-130 rotor) for 60 min at 4°C,
producing particulate (P100) or soluble (S100) fractions. Pellets were resus-
pended in lysis buffer with 1% Triton X-100. Samples were analyzed by Western
blotting for URE3-BP, EhC2A, LGL, and actin content.

Confocal microscopy. E. histolytica trophozoites were bound to glass coverslips
for 1 h at 37°C in TYI-S-33 medium. Where indicated below, adherent cells were
then incubated for 1 h with medium supplemented with 5 mM EGTA or 1 mM
CaCl, and 1 uM calcium ionophore A23187. Cells were then immediately fixed
in 4% formaldehyde for 30 min at room temperature. Next, cells were perme-
abilized with 0.1% Triton X-100 in PBS for 2 min. Nonspecific binding was
blocked by incubation with 10% horse serum in PBS for 30 min at room tem-
perature. Detection of URE3-BP was performed by incubation with anti-
URE3-BP MADb 4D6 diluted at 5 pg/ml in PBS containing 10% horse serum for
1 h. Detection of EhC2A was performed by incubation with anti-EhC2A rabbit
polyclonal antibody diluted at 1:500 in PBS containing 10% horse serum for 1 h.
Cells were incubated with goat anti-rabbit IgG Alexa Fluor 488 and goat anti-
mouse IgG Alexa Fluor 546 for 1 h at room temperature (all at 1:1,000 dilution
in 10% horse serum in PBS). The nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI) before mounting. Cells were viewed with a Zeiss LSM 510
laser scanning confocal microscope using a 40X oil immersion lens and LSM
Image Browser software (Zeiss).

RNA isolation and real-time qRT-PCR. Quantitative real-time reverse tran-
scription-PCR (real-time qRT-PCR) was used to independently measure the
mRNA abundance of trophozoites transfected with the EhC2A (363-391)
shRNA- and EhC2A (363-391 scrambled) shRNA-expressing plasmids. Approx-
imately 2 X 10° E. histolytica trophozoites were lysed by the addition of 1.0 ml of
TRIzol reagent (Invitrogen), and total RNA was isolated according to the man-
ufacturer’s directions. RNA that was more than 200 nucleotides in length was
isolated from total RNA using an RNeasy kit (Qiagen). On-column DNA diges-
tion using an RNase-free DNase set (Qiagen) was performed to remove con-
taminating genomic DNA. RNA was retrotranscribed using SuperScript II re-
verse transcriptase (Invitrogen) and oligo(dT) primers. The cDNA was subjected
to 40 amplification cycles with HotStar Tag (Qiagen). All primers used for
qRT-PCR were designed to amplify <300-bp fragments of the genes being
studied (see Table S2 in the supplemental material). Each oligonucleotide pair
was validated against the E. histolytica genome database (http://www.amoebadb
.org for specificity, with the exception of actin, which was designed to amplify all
actin family members (3). Amplified cDNA was detected using the fluorescent
dye SYBR green I (Molecular Probes). Continuous SYBR green I monitoring
during amplification was performed using an MJ Research Opticon II DNA
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Engine (Bio-Rad) according to the manufacturer’s recommendations. All am-
plifications were performed in triplicate, and the resulting fluorescence values
averaged. Cycle threshold (Cy) values (the cycle number at which fluorescence
exceeds the threshold value) were linked to the quantity of initial DNA after
calibration of the effectiveness of the amplifying primer pair (19). Statistical
analysis was performed using Student’s ¢ test (two tailed).

RESULTS

Detection of a Ca”>*-dependent URE3-BP-interacting pro-
tein. We were interested in identifying proteins that might be
involved in the regulation of the transcriptional activity and cel-
lular localization of URE3-BP. To search for URE3-BP-interact-
ing proteins, URE3-BP was immunoprecipitated with the anti-
URE3-BP MAbs 4D6 and 3E6 from amebic lysates enriched
(with CaCl,) or depleted (with EGTA or EDTA) of Ca*". A
silver-stained SDS-PAGE gel revealed a protein of 22 kDa that
coimmunoprecipitated with URE3-BP in the presence of Ca*"
but not in the presence of the divalent ion chelator EDTA or the
Ca?* chelator EGTA (Fig. 1A), indicating that we had potentially
identified a Ca*"-dependent binding partner. Incidentally, immu-
noprecipitation of URE3-BP was enhanced in the presence of
Ca** (Fig. 1B).

To determine if the coimmunoprecipitating 22-kDa protein
band truly interacted with URE3-BP in a Ca”*-dependent
manner, a combined immunoprecipitation—far-Western blot
analysis was performed. URE3-BP was immunoprecipitated in
the presence of Ca?", and the immunoprecipitate was sub-
jected to SDS-PAGE, transferred onto PVDF membranes, and
then overlaid with E. histolytica whole-cell lysates in the pres-
ence or absence of Ca®*. Probing the membrane with
URE3-BP MADb 4D6 revealed the interaction of URE3-BP
with a 22-kDa protein band only in the presence of CaCl,,
indicating that the URE3-BP-22-kDa protein interaction was
Ca?* dependent (Fig. 1C).

Mass spectrometry analysis of the coimmunoprecipitating
22-kDa band revealed a C2 domain-containing protein. In
order to determine the identity of the 22-kDa coimmunopre-
cipitating band, the gel slice containing this band was excised
and subjected to mass spectrometry peptide sequence analysis.
The sequences obtained were analyzed against the E. histo-
lytica genome database (http://www.amoebadb.org) using the
Sequest algorithm (14). Peptides corresponding to 31 different
proteins were identified in the excised gel band (see Table S1
in the supplemental material). We focused on one of the most
abundant and size-appropriate proteins identified in the MS
analysis, EhC2A.

The amino acid sequence of EhC2A predicted a protein
mass of 20.7 kDa with an N-terminal C2 domain, identified in
silico using InterProScan (48), as well as a proline-rich C-
terminal tail (Fig. 2A). When the sequence of EhC2A was
queried against the E. histolytica genome database using
BLASTP (NCBI), several additional C2 domain-containing
proteins with similar domain architecture were identified, in-
cluding EhC2B (GenBank accession no. XM_647805), a pro-
tein with a predicted mass of 22.1 kDa that has significant
sequence identity (63%) to EhC2A. No EhC2B-specific pep-
tides were identified in the 22-kDa coimmunoprecipitated
band (Fig. 2B).

C2 domains are known to confer the ability to bind phos-
pholipids and target proteins to specific membranes within
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FIG. 1. URE3-BP coimmunoprecipitation with a 22-kDa protein is Ca®>" dependent. (A) Trophozoites were lysed in the presence of 5 mM
EDTA, 5 mM EGTA, or 5 mM CaCl, as described in Materials and Methods. Whole-cell extracts were immunoprecipitated (IP) with anti-
URE3-BP MADb 4D6 (IgG2B) or 3E6 (IgG2A) covalently coupled to protein G-Dynabeads. Aliquots of immunoprecipitated proteins were
separated by polyacrylamide gel electrophoresis using comparable amounts of the relevant samples and analyzed by silver stain. An asterisk
indicates a 22-kDa coimmunoprecipitated protein. M, size ladder; «, anti. (B) Relative abundance of URE3-BP in the immunoprecipitants was
determined by Western blotting using anti-URE3-BP MAb 4D6. (C) Far-Western blot of proteins immunoprecipitated with anti-URE3-BP
monoclonal antibody 4D6 from amebic lysate enriched with 5 mM CaCl, and probed with amebic cell lysate supplemented with either 5 mM CaCl,
or 5 mM EDTA in order to detect URE3-BP binding partners. Bound URE3-BP was detected by Western blotting using anti-URE3-BP MAb 4D6.
Asterisk indicates a 22-kDa protein band bound by URE3-BP.
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EhC2A as a potential binding partner responsible for this EhC2A fusion protein recognized a 22-kDa protein in whole-
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FIG. 3. Identification of the 22-kDa URE3-BP-interacting protein as EhC2A. (A) Western blots were performed on amebic whole-cell lysates
or recombinant purified His,-tagged EhC2A using anti-EhC2A rabbit serum developed with recombinant purified GST-tagged EhC2A. Preim-
mune serum lanes are indicated. «, anti. (B) Trophozoites were lysed in the presence of 5 mM EGTA (E) and immunoprecipitated (IP) with
anti-EhC2A rabbit serum (EhC2A) or control rabbit serum (Control). Coimmunoprecipitated proteins were detected by Western blotting (WB).
(C) Trophozoites were lysed in the presence of 5 mM EGTA (E) or 0.1 mM CaCl, (C) and immunoprecipitated (IP) with anti-URE3-BP MAb
4D6 (URE3-BP) or control mouse MAb (Control). Coimmunoprecipitated proteins were detected by Western blotting (WB).

terminally Hiss-tagged EnC2A (Fig. 3A). A second band of 16
kDa was also recognized by the antiserum in the whole-cell
extract. The 22-kDa and 16-kDa protein bands disappeared
when the antiserum was preabsorbed with recombinant GST-
EhC2A but not when the antiserum was preabsorbed with
recombinant GST alone (see Fig. S1 in the supplemental ma-
terial). This suggests that the 16-kDa band shared antigenic
epitopes with the 22-kDa band and was likely a product of
EhC2A processing.

In order to confirm that EhC2A was a binding partner of
URE3-BP, we performed a combined immunoprecipitation-
Western blot analysis. URE3-BP was detected when EhC2A was
immunoprecipitated using anti-EhC2A rabbit polyclonal anti-
serum in the presence of EGTA (Fig. 3B). Similarly, EnC2A was
detected in the immunoprecipitation using URE3-BP MAb 4D6
(Fig. 3C). The 16-kDa protein detected by immunoblotting of
whole-cell lysates was not detected when immunoprecipitations
were performed using the EhC2A antiserum and was not consis-
tently detected when immunoprecipitations were performed us-
ing URE3-BP MAD 4D6. The amount of URE3-BP coimmuno-
precipitating with EnC2A was increased in the presence of CaCl,
(Fig. 3C), consistent with the Ca** dependence of the EhC2A~
URES3-BP interaction. We concluded that the 22-kDa (and not
the 16 kDa) presumed isoform of EhC2A interacted with
URE3-BP.

Characterization of the Ca>*-dependent phospholipid-
binding activity of EhC2A. Structural and functional studies
have facilitated the prediction of which putative residues in C2
domains are required for Ca®* coordination and membrane

binding (10, 28, 44). Alignment of the C2 domains of EhC2A
and EhC2B to the C2 domain of human protein kinase C-a
identified these conserved residues, as well as the predicted
calcium-binding loops (Fig. 4A). The conserved Asp-17, Asp-
69, and Asp-71 residues of EnC2A have been mutated in other
C2 domains, and those mutations abolished the domain’s abil-
ity to bind phospholipid (10). Ca**-coordinating residues of
EhC2A were located between the first and second B-strands
and between the fifth and sixth B-strands, the same organiza-
tion as was observed for the type II topology C2 domains of the
human nonclassical protein kinase C isoforms and phospho-
lipase C isoforms (29). Therefore, we predicted that the C2
domains of EhC2A and EhC2B were of type II topology.
Not all C2 domains bind phospholipids or Ca**, and se-
quence homology by itself is not necessarily predictive of the
ability of a particular C2 domain to bind phospholipids (9, 22).
To determine if EhnC2A was a functional phospholipid-binding
protein, E. coli-expressed EhC2A was tested for its ability to
bind liposomes in a Ca**-dependent manner. GST alone or
GST-EhC2A was immobilized on MagneGST beads and mixed
with *H-cholesterol-labeled phosphatidylcholine/phosphatidyl-
serine (PC/PS) liposomes (3:1 [wt/wt]) in the presence or ab-
sence of Ca** (EGTA), and the amount of protein-bound
liposomes quantitated by liquid scintillation counting. GST-
EhC2A protein but not GST alone bound liposomes in a Ca** -
dependent manner (Fig. 4B). Half-maximal binding activity
was determined to occur at ~3.4 pM free Ca>* (Fig. 4C),
which is similar to other determinations observed for the hu-
man C2 domain-containing proteins DOC2B (5 uM) (21) and
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FIG. 4. Ca®"-dependent phospholipid binding by purified recombinant GST-EhC2A. (A) Alignment of the C2 domains of EhC2A and EhC2B
with the C2 domain of human PKC-a using ClustalW2 (23). The B-sheets and calcium-binding loops (CBL) for PKC-a (boxes) are assigned
according to the designation of its crystal structure (44). The predicted positioning of the B-sheets for EhC2A and EhC2B are as determined by
PORTER (34). The residues in gray boxes are conserved calcium-coordinating aspartyl residues. (B) GST or GST-EhC2A bound to the
MagneGST beads were incubated with *H-cholesterol-labeled phosphatidylcholine/phosphatidylserine liposomes (3:1 [wt/wt]) in the absence
(black) or presence of CaCl, (0.1 mM) (gray). Liposome binding to absorbed beads was determined by scintillation counting. Error bars indicate
the standard deviations (n = 3). %, P < 0.0001. (C) Binding of *H-labeled liposomes to GST-EhC2A bound to MagneGST beads as a function
of the free Ca®" concentration. Error bars indicate standard deviations (n = 3). CPM, counts per minute.

cPLA2-a (4.7 uM) (31). Native EhC2A from amebic lysates
was confirmed to bind phospholipids in a Ca®"-dependent
manner, utilizing liposome sedimentation assays (see Fig. S2 in
the supplemental material). Only the 22-kDa full-length
EhC2A and not the 16-kDa presumed isoform recognized by
the EhC2A antiserum bound liposomes.

Ca**-dependent recruitment of URE3-BP to phospholipids.
Given the ability of EhC2A to bind liposomes in a Ca®"-
dependent manner and its Ca®>"-dependent association with
URE3-BP, we hypothesized that EhC2A might function by
recruiting URE3-BP to phospholipids. To determine if EnC2A
was able to recruit URE3-BP to phospholipids in vitro, lipo-
some recruitment assays were performed using recombinant
URE3-BP and GST-tagged EhC2A. Recombinant URE3-BP
was found to associate with PC/PS liposomes in the presence of
GST-tagged EhC2A but not in the presence of the control
GST alone (Fig. 5). The recruitment of URE3-BP to PC/PS
liposomes required Ca®", as recombinant URE3-BP and GST-
tagged EhC2A only bound liposomes in the presence of Ca®".
The proteins were not observed to bind liposomes in the pres-
ence of the Ca** chelator EGTA. We concluded that the
interaction between URE3-BP and EhC2A was direct and that
EhC2A was able to recruit the transcription factor to phos-
pholipids in a Ca**-dependent manner.

GST l GST-EhC2A

\

: -
Q CaCl, Q0 CaCl,
=] 2 —
:“. EhC2A
Liposome-bound
~ « = URE3-BP
“ EhC2A
Supernatants

FIG. 5. EhC2A-mediated recruitment of URE3-BP to phospho-
lipid vesicles is Ca®* dependent. GST or GST-EhC2A (0.1 pg, 0.1 pg,
0.25 pg, or 0.5 pg) was incubated with recombinant URE3-BP (0.5 p.g)
and phosphatidylcholine/phosphatidylserine liposomes (3:1 [wt/wt]) in
the presence of 5 mM EGTA or 10 uM CaCl,. Liposomes were
precipitated by centrifugation, and liposome-bound and unbound (Su-
pernatants) proteins were detected by Western blotting using EhC2A
antiserum (EhC2A) or anti-URE3-BP MAb 4D6 (URE3-BP). Sedi-
mentation controls were performed in the absence of liposomes (not
shown).
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FIG. 6. Ca*"-induced association of EhC2A and URE3-BP with
crude membranes of trophozoites. E. histolytica trophozoites were
incubated at 37°C for 1 h in TYI-S-33 medium with 5 mM EGTA or 1
mM CaCl, and 1 M A23187, lysed, and separated into particulate
(P100) and soluble (S100) fractions by high-speed centrifugation. Fifty
micrograms of each fraction was separated by polyacrylamide gel elec-
trophoresis and immunoblotted with EhC2A antiserum (EhC2A),
anti-URE3-BP MADb 4D6 (URE3-BP), anti-LGL MAb 1D4 (LGL) as
a membrane fraction control, or actin antiserum (Actin) as a soluble
fraction control.

Translocation of URE3-BP and EhC2A is induced by in-
creased intracellular Ca>*. URE3-BP was previously observed
to be enriched in the inner leaflet of the amebic plasma mem-
brane (17). The finding of Ca®*-dependent sequestration of
URE3-BP to phospholipid liposomes mediated by EhC2A in
vitro led us to examine the role of Ca?" and EhC2A in the
cellular localization of URE3-BP. The distribution of EhC2A
and URE3-BP was examined in trophozoites incubated under
conditions that elevated or depleted intracellular Ca** (3).
When trophozoites were incubated in medium depleted of
Ca?" using EGTA, URE3-BP and EhC2A were recovered in
the soluble (S100) fractions, with some protein observed in the

A
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crude membrane fractions of trophozoites (Fig. 6). However,
when trophozoites were incubated in medium supplemented
with ionophore A21387 and 1 mM CaCl, to induce an increase
in intracellular calcium, URE3-BP and EhC2A were recovered
in the crude membrane fraction (P100) of trophozoites. We
concluded that the Ca®*-dependent redistribution of EnC2A
and URE3-BP was consistent with EhC2A having a direct role
in anchoring URE3-BP to amebic membrane.

To confirm the subcellular localization of EhC2A and
URE3-BP in trophozoites under conditions that elevate or
deplete intracellular Ca**, double-immunofluorescence stain-
ing using anti-URE3-BP MADb 4D6 and anti-EhC2A rabbit
polyclonal serum was performed and the results analyzed by
confocal laser scanning microscopy. EhC2A and URE3-BP
were homogenously distributed in the cytoplasm of the cells
when trophozoites were incubated in medium lacking Ca**
(Fig. 7A). URE3-BP was also observed in the nucleus under
these conditions. In contrast, when trophozoites were incu-
bated in calcium-containing medium, elevating intracellular
Ca?*, EhC2A and URE3-BP showed a clearly distinct distri-
bution characterized by intense plasma membrane-associated
fluorescence (Fig. 7B). These findings suggest the involvement
of EhC2A in the translocation of URE3-BP to the amebic
plasma membrane.

Knockdown of EhC2A modulates transcription of URE3
motif-regulated genes. The overexpression of a calcium-
insensitive  dominant-positive mutant of URE3-BP
[EF(2)mutURE3-BP] was used to profile the transcriptome
of URE3-BP (16). This led to the identification of several
genes with URE3 motifs in their promoters that were mod-
ulated when URE3-BP was overexpressed, including the
genes coding for acyl-coenzyme A (CoA) synthetase (Gen-
Bank accession no. XM_645995) and a predicted membrane
protein (GenBank accession no. XM_644369). Ca®*-inhib-
itable URE3-BP binding to the promoter of the predicted

B

URES3-BP

FIG. 7. Ca*"-induced translocation of URE3-BP and EhC2A to the plasma membrane of amebic trophozoites. E. histolytica trophozoites were
incubated at 37°C for 1 h in TYI-S-33 medium with 5 mM EGTA (A) or 1 mM CaCl, and 1 uM A23187 (B). Fixed permeabilized cells were probed
with rabbit anti-EhC2A polyclonal antibody, Alexa Fluor 488 (green) goat anti-rabbit IgG (EhC2A), mouse anti-URE3-BP MADb 4D6, and Alexa
Fluor 546 (red) goat anti-mouse IgG (URE3-BP). Nuclei were stained blue with 4’,6-diamidino-2-phenylindole (DAPI). Merged images demon-

strate colocalization of the two proteins.
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FIG. 8. EhC2A shRNA protein knockdown transfectants modulate
URE3 motif-regulated transcripts. mRNA levels of URE3-BP, acyl-
CoA synthetase, and membrane protein from E. histolytica trophozo-
ites transfected with EhC2A (363-391) (shRNA) or EhC2A (363-391
scrambled) (control) as measured by qRT-PCR (mean =* standard
error). Average results for three biological replicates are expressed as
the percentages of the EhC2A (363-391 scrambled) level (control),
standardized for each transcript with plasmid control mRNA levels
and normalized to the actin level. Statistical analysis was performed
using Student’s ¢ test. %%, P < (0.05.

membrane protein in vivo has been determined by chroma-
tin immunoprecipitation accompanied by real time RT-PCR
(C. A. Gilchrist, unpublished data).

Short hairpin RNA (shRNA)-mediated knockdown of pro-
tein expression in E. histolytica has recently been described (5,
24). The system is based on the stable episomal transfection of
amebic trophozoites with a vector expressing an RNA hairpin
consisting of a 29-base-pair target-gene-specific sequence, a
9-base-pair loop, and the reverse complementary 29-base-pair
sequence, all under the regulation of the E. histolytica RNA
polymerase III U6 promoter. Stable transfection of trophozo-
ites with a construct expressing shRNA specifically targeting
EhC2A resulted in significant knockdown of EhC2A protein
(97%) compared to the results with a scrambled-shRNA con-
trol transfectant (24). These trophozoites were tested by qRT-
PCR to compare the mRNA transcript levels of the URE3
motif-regulated genes encoding acyl-CoA synthetase and the
predicted membrane protein. In EhC2A shRNA transfectants,
the transcripts for acyl-CoA synthetase and the membrane
protein were significantly modulated (Fig. 8). The URE3-BP
transcript levels were not significantly changed. A 3-fold in-
crease in the transcript level of acyl-CoA synthetase (P =
0.0396) and a 7-fold decrease in the transcript level of mem-
brane protein (P = 0.0496) were observed when the RNA from
amebae transfected with EhC2A shRNA and amebae trans-
fected with scrambled-shRNA control plasmids were com-
pared. Interestingly, the direction of transcript modulation of
these two genes correlated with the direction of transcript
modulation previously observed for trophozoites overexpress-
ing the dominant-positive URE3-BP (16). These findings are
suggestive of a regulatory role for EnC2A in the transcriptional
activities of URE3-BP.
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FIG. 9. Proposed model for regulation of URE3-BP induced by
Ca®". Under basal intracellular Ca®* conditions (left), the EF-hand-
containing transcription factor URE3-BP binds to the URE3 motif in
promoters, thereby activating or repressing gene transcription. Upon
an increase in intracellular Ca®>*, URE3-BP is released from DNA
promoters and is sequestered to the plasma membrane by EhC2A
(right), resulting in an inhibition of its transcriptional activity.

DISCUSSION

In this study, we identified and characterized the association
of URE3-BP, a Ca®"-regulated transcription factor of the
pathogenic protozoan E. histolytica, with a second Ca®*-regu-
lated protein, the phospholipid-binding EhC2A. URE3-BP
regulates the transcription of several virulence factors in
Entamoeba in a very unique manner: Ca®>" binding directly
regulates the association of the protein to its DNA-binding
motif in gene promoters via its EF-hand motifs. Only one other
protein has been demonstrated to utilize this mechanism, the
human EF-hand-containing protein DREAM (7). Our results
demonstrate an added level of Ca**-mediated regulation of
URE3-BP, as we showed that Ca>* also regulates the translo-
cation of URE3-BP to the amebic plasma membrane and its
association with the plasma membrane binding protein
EhC2A. Hence, we propose a tripartite system by which
changes in intracellular calcium directly regulate gene expres-
sion in the parasite (Fig. 9). In the absence of an intracellular
calcium signaling event, URE3-BP binds to its cognate URE3
element on the promoters of the genes it regulates. Upon an
increase in intracellular Ca?", URE3-BP releases the URE3
element and binds EhC2A. Furthermore, Ca®>* also induces
the association of the EnC2A-URE3-BP protein complex with
the plasma membrane of trophozoites, resulting in the inhibi-
tion of the transcriptional activities of URE3-BP.

The evidence that EhC2A is a binding partner of URE3-BP
involved in its translocation to the amebic plasma membrane in
a Ca”’"-dependent manner is comprised of the following: (i)
URE3-BP and EhC2A immunoprecipitated with one another;
(ii) the amount of EhC2A that coimmunoprecipitated with
URE3-BP increased in the presence of Ca?*; (iii) recombinant
EhC2A recruited recombinant URE3-BP binding to phos-
phatidylcholine/phosphatidylserine liposomes only in the pres-
ence of Ca®"; (iv) EhC2A and URE3-BP colocalized in amebic
trophozoites in the presence of Ca®", as determined by immu-
nofluorescence confocal microscopy; and (v) EhC2A and
URE3-BP translocated to the amebic plasma membrane when
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the intracellular Ca®>* concentration was increased in tropho-
zoites. Several examples of C2 domain proteins functioning as
molecular scaffolds that mediate the association of proteins
with membranes have been reported (39, 42). The C2 domain-
containing copines interact with several proteins, including
transcription factors, and were proposed to target such pro-
teins to membrane surfaces (41). The Ca®*-induced mobiliza-
tion of URE3-BP represents a novel mechanism in which a C2
domain protein is involved in the anchoring of a transcription
factor to the plasma membrane.

C2 domain-containing proteins have extensive functional di-
versity, participating in a variety of Ca**-regulated processes,
including signal transduction, membrane trafficking, lipid sec-
ond-messenger generation, and others. Our finding of con-
served C2 domain proteins in this evolutionarily divergent par-
asite is evidence of the importance of Ca®* signaling in
regulating the parasite’s activities. EhC2A is the first C2 do-
main-containing protein that has been characterized in E. his-
tolytica. The C2 domains of EhC2A and EhC2B are remark-
ably conserved, with 75% identity across this region and similar
predicted molecular masses. Despite this conservation, we only
identified peptides corresponding to EhC2A when the URE3-BP
coimmunoprecipitating band was sequenced. EhC2A and EhC2B
therefore might have nonredundant roles, as only EhC2A ap-
pears to interact with URE3-BP. It is interesting to speculate that
EhC2B may also be involved in membrane anchoring of associ-
ated proteins.

Intracellular Ca®* fluxes have been observed in E. histolytica
upon contact with fibronectin (6) and increased extracellular
Ca®" concentrations (18). The precise Ca®" concentration of
fluxes induced by these extracellular cues has not been deter-
mined. It is interesting to note that similar concentrations of
Ca?* were required for EhC2A membrane binding (~3.4
pM), EhC2A-mediated recruitment of URE3-BP to PC/PS
liposomes (=10 pM), and URE3-BP dissociation from the
URE3 DNA motif (6.7 M) (18). However, it is possible that
the effective Ca®* concentration required for membrane bind-
ing of EhC2A in vivo is much lower than the concentration we
observed utilizing the PC/PS liposomes (3:1 [wt/wt]). The Ca**
affinity of C2 domains has been observed to increase when the
cognate target membrane lipid composition is recreated for in
vitro determinations (11). Unfortunately, attempts to define
the exact lipid composition of the Entamoeba plasma mem-
brane, the target of EhC2A, have been limited (1, 43).

EhC2A was recently found to be associated with the amebic
phagosome (32), which may be indicative of intracellular Ca**
fluxes induced by amebic phagocytosis of host cells. Interest-
ingly, the copine homolog of the social ameba Dictyostelium
discoideum, CpnA, contains a Ca®>*-dependent phospholipid-
binding C2 domain that also associates with the amebic phago-
some (12).

URE3-BP contains two canonical EF-hand motifs, associ-
ated with the ability to bind Ca** and induce conformational
changes upon Ca®* binding or release in several proteins (46).
C2 domain-containing proteins have also been found to un-
dergo conformational changes that extend beyond the motif’s
Ca?*-binding region upon Ca?" binding (8, 30, 45). It is there-
fore possible that one or both proteins undergo Ca?*-induced
conformational changes necessary for the protein association
to occur. There is precedent for direct interaction of EF-hand
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motifs with C2 domains. A Ca®*-dependent interaction be-
tween the EF-hand motifs of the human major vault protein
and the C2 domain of the tumor suppressor PTEN was iden-
tified (47), and intramolecular interactions between the C2 and
EF-hand domains of phospholipase C-81 have been revealed
by structural analysis (15, 20). It would therefore be interesting
to determine if the interaction between URE3-BP and EnC2A
occurs via similar interactions.

The translocation of URE3-BP and EhC2A to the plasma
membrane in response to increased intracellular Ca®* and the
Ca®"-dependent nature of their interaction are perhaps indic-
ative of an enhanced regulatory mechanism. Using trophozo-
ites transfected with plasmids that express shRNA targeting
EhC2A, we have knocked down the protein expression levels
of EhC2A (24). We examined the transcript levels of two
genes, encoding acyl-CoA synthetase and a predicted mem-
brane protein, that were previously identified as being modu-
lated when the dominant-positive EF(2)mutURE3-BP protein
was overexpressed in amebae (16). The mRNA levels of these
two genes were modulated in the same direction as in cells
overexpressing dominant-positive URE3-BP. This finding is in
agreement with our hypothesis that by sequestering URE3-BP
to the amebic plasma membrane, EhC2A regulates the ability
of the transcription factor to bind its cognate DNA element.
Future studies will examine the extent to which the interaction
with EhC2A controls the nuclear availability and transcrip-
tional activities of URE3-BP and consequently regulates ame-
bic virulence.
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