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Background: Novel protein kinase EhC2PK in E. histolytica is involved in initiation of erythrophagocytosis.
Results: The autophosphorylation at Ser428 position occurs through a trans-reaction and is important for stimulation of kinase
activity.
Conclusion: Phosphorylation at Ser428 is critical in initiation of erythrophagocytosis.
Significance: It provides description of a molecular mechanism that shows importance of trans-autophosphorylation of
EhC2PK in E. histolytica erythrophagocytosis.

The protozoan parasite Entamoeba histolytica can invade
both intestinal and extra intestinal tissues resulting in amoebi-
asis. During the process of invasion E. histolytica ingests red
blood and host cells using phagocytic processes. Though phag-
ocytosis is considered to be a key virulence determinant, the
mechanism is not very well understood in E. histolytica. We
have recently demonstrated that a novel C2 domain-containing
protein kinase, EhC2PK is involved in the initiation of eryth-
rophagocytosis. Because cells overexpressing the kinase-dead
mutant of EhC2PK displayed a reduction in erythrophagocyto-
sis, it appears that kinase activity is necessary for initiation. Bio-
chemical analysis showed that EhC2PK is an unusual Mn2�-de-
pendent serine kinase. It has a trans-autophosphorylated site at
Ser428 as revealed by mass spectrometric and biochemical anal-
ysis. The autophosphorylation defective mutants (S428A,
KD�C) showed a reduction in auto and substrate phosphoryla-
tion. Time kinetics of in vitro kinase activity suggested two
phases, an initial short slow phase followed by a rapid phase for
wild type protein, whereas mutations in the autophosphoryla-
tion sites that cause defect (S428A) or conferred phosphomi-
metic property (S428E) displayed no distinct phases, suggesting
that autophosphorylation may be controlling kinase activity
through an autocatalytic mechanism. A reduction and delay in
erythrophagocytosis was observed in E. histolytica cells overex-
pressing S428A and KD�C proteins. These results indicate that
enrichment of EhC2PK at the site of phagocytosis enhances the
rate of trans-autophosphorylation, thereby increasing kinase
activity and regulating the initiation of erythrophagocytosis in
E. histolytica.

Entamoeba histolytica is the etiologic agent of amoebiasis, a
major form of intestinal infection found throughout the world,
more so in developing countries. Estimates show that more
than 50 million people are infected with the parasite, resulting
in 50,000 deaths every year that can be attributed to this disease
(1). A number of studies have shown that phagocytosis plays an
important role in parasite growth, survival, andpathogenesis (2,
3, 4). Down-regulation of expression of the Ca2�-binding pro-
tein EhCaBP1, a protein involved in phagocytosis and fluid
phase pinocytosis led to a defect in cellular proliferation (5).
Therefore, detailed molecular characterization of both the
endocytic pathways (phagocytosis and fluid phase pinocytosis)
may be of use in identifying novel targets for development of
new therapeutics.
We have recently identified and partially characterized a C2

domain-containing protein kinase (EhC2PK)2 that is involved
in the initiation of erythrophagocytosis in conjunction with
EhCaBP1 and actin (6). It gets enriched at the site of RBC
attachment until phagocytic cups are formed and stabilized.
Both EhC2PK and EhCaBP1 leave the site before completion of
phagosome formation (7). EhC2PK is a C2 domain containing
protein kinase that shows maximum sequence similarity with
Ca2�/Cam-dependent kinases unlike C2 domain containing
PKC. EhC2PK also does not have a C1 domain present in most
PKCs. A few of the C2 domain containing PKCs have been
shown to be involved in phagocytosis and regulation of actin
polymerization (8, 9). Our earlier observations have clearly
indicated that the C2 domain of EhC2PK is necessary and suf-
ficient to bind plasma membrane in the presence of Ca2� (6,
10). Therefore, it is likely to provide an anchor for the formation
of phagocytic machinery.
The protein kinase activity of EhC2PK is necessary for stabi-

lization of the phagocytic cups and phagosome formation as
overexpression of a kinase-dead mutant led to a reduction in
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these processes (6). To understand detailed mechanism of ini-
tiation of phagocytosis in E. histolytica we have characterized
the kinase domain of EhC2PK. In this report, we show that the
EhC2PK is a Mn2�-dependent serine kinase. It displays one
trans-autophosphorylation reaction at Ser428 residue, which is
likely to play a crucial role in phagocytosis. Our results indicate
a unique function of EhC2PK in amoebic phagocytosis, not
exhibited by any protein kinases that are known to be involved
in phagocytosis/endocytosis. This is also the first protein kinase
of E. histolytica that has been characterized at molecular level.

MATERIALS AND METHODS

Phosphospecific Antibody

The antibody generation was carried out at Abexome Biosci-
ences Pvt. Ltd., Bangalore, India. The polyclonal antibody was
raised in rabbit against the sequence, PTASMNELwhere serine
was phosphorylated. Phosphoserine peptidewas used as immu-
nogen and the non-phosphorylated peptide was used for nega-
tive screening. The IgG fraction was enriched by affinity puri-
fication with the protein A column.

Immunostaining

Immunofluorescence staining was carried out as described
before (5). Briefly E. histolytica cells, resuspended in TYI-33
medium, were transferred onto acetone-cleaned coverslips
placed in a Petri dish and allowed to adhere for 10 min at
35.5 °C. The culture medium was removed, and the cells were
fixed with 3.7% pre-warmed paraformaldehyde (PFA) for 30
min. After fixation, the cells were permeabilized with 0.1%
TritonX-100/PBS for 1 min. This step was omitted for non-
permeabilized cells. The fixed cells were then washed with PBS
and quenched for 30min in PBS containing 50mMNH4Cl. The
coverslips were blocked with 1% BSA/PBS for 30 min, followed
by incubation with primary antibody at 37 °C for 1 h. The cov-
erslips were washed with PBS followed by 1% BSA/PBS before
incubation with secondary antibody for 30 min at 37 °C. Anti-
body dilutions used were: Anti-EhC2PK at 1:200, anti-rabbit
Alexa 488 (Molecular Probes) at 1:300 andTRITC-Phalliodin at
1:300. The preparations were further washed with PBS and
mounted on a glass slide usingDABCO (1,4-diazbicyclo (2, 2, 2)
octane (Sigma) 10 mg/ml in 80% glycerol). The edges of the
coverslips were sealed with nail-paint to avoid drying. Confocal
images were visualized using an Olympus Fluoview FV1000
laser scanning microscope.

Erythrophagocytosis

To quantify the RBC ingested by amoebae, the colorimetric
method of estimation with somemodifications was followed as
described by Sahoo et al.Briefly, 107 RBC,washedwith PBS and
TYI-33, were incubated with 50,000 amoebae for varying times
at 37 °C in 1 ml of culture medium. The amoebae and erythro-
cytes were pelleted down, non-engulfed RBC were lysed with
cold distilled water and recentrifuged at 1000 � g for 2 min.
This step was repeated twice, followed by resuspension in 1 ml
of formic acid to lyse amoebae containing engulfed RBC. Sam-
ples were measured against a formic acid blank with a spectro-
photometer at 397 nm.

Fluorescent Measurement

The fluorescent ATP nucleotide analog, (2�, 3�-O-(2,4,6 tri-
nitrophenyl)-adenosine triphosphate (TNP-ATP), was pur-
chased from Molecular Probes. ATP was purchased from
Sigma Aldrich. Fluorescence measurements were performed
on a Cary Win Luminescence Spectrometer. All purified pro-
teins were taken at concentrations of 1.5 �M and mixed with
0–3.5 mMATP and 1 mMMnCl2 in 10 mMHEPES and 100 mM

NaCl buffer in a reaction volume of 0.7 ml. Fluorescence emis-
sion was recorded at 334 nm. Fluorescence titrations with
TNP-ATP were monitored at an excitation wavelength of 403
nm (�exc � 403 nm) and an emissionwavelength from500–580
nm (�em � 547 nm). All purified proteins were taken at concen-
tration of 1.5 �M and mixed with 10 �M TNP-ATP and 1 mM

MnCl2 in 10 mM HEPES and 100 mM NaCl buffer in a reaction
volume of 0.7 ml at pH 7.5. ATP was added to the similar reac-
tion by keeping the volume constant. The temperature of the
sample was maintained at 25 � 0.1 °C by circulating thermo-
statically controlled water through the cuvette holder.

Assay of Protein Kinase Activity

Autophosphorylation was measured as the incorporation of
radioactivity from [�-32P]ATP into a species that co-migrated
with authentic purified recombinant protein. The standard
reaction mixture (40 �l final volume) contained 2 mM MnCl2,
30 mM HEPES (pH 7.5), and pure kinase domain (2 �g). Reac-
tions were initiated by the addition of [�-32P]ATP (6000
Ci/mmol) to a final concentration of 2.5 �M and incubated at
30 °C for 1 h. In experiments for determiningMichelis-Menten
parameters the ATP was varied by 10-fold from 10 pM to 250
�M in the above stated reaction. The reaction was stopped by
adding SDS sample buffer containing 50mMEDTA followed by
boiling. The sampleswere than resolved on SDS-PAGEgel. The
Coomassie-stained bands from gels were then excised and
counts were taken.While determining the time course kinet-
ics for autophosphorylation, the whole kinase reaction was
stopped by adding 20% TCA. The precipitate was washed
two times with 20% TCA, two times with cold acetone, and
finally with 70% ethanol. The dried pellets were than dis-
solved in water and spotted on GFC filters dried and counts
were taken.

In Vitro Dephosphorylation

About 1 �g of radiolabeled phosphorylated kinase domain
were incubatedwith 10 unit of calf intestinal phosphatase (CIP)
from NEB at 37 °C for 2 h. Dephosphorylated proteins were
analyzed by SDS/PAGE, followed by Western blot with phos-
phospecific antibody.

Mass Spectrometry

Sample Preparation for MALDI-TOF-MS and LC-ESI-
MS/MS—The purified SDS-PAGE protein band was subjected
to in-gel trypsin digestion. Briefly, the excised gel was sliced to
small pieces, transferred to sterile siliconized Eppendorf and
destained by repeated washing with 50mMNH4HCO3 and 50%
acetonitrile. For the reduction, 75�l of 10mM stock dithiothre-
itol (DTT) was added and incubated 55 °C for 30 min on hot
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water bath. The reduction solutionwas removed and 50�l of 50
mM iodoacetamide (IAM) stock solution was added and the
mixture was incubated at room temperature, in the dark, for 40
min. Enzymatic digestion was carried out by incubating the
reaction mixture with trypsin (40 ng/�l of 25 mM NH4HCO3

and incubation was carried out overnight at 37 °C. The
extracted peptide mixture was analyzed by MALDI-TOF MS
and LC-ESI-ETDMS/MS (tandem mass spectrometry).
MALDI-TOF Mass Spectrometry—MALDI-TOF-MS analy-

sis was carried out with Ultraflex TOF/TOF (Bruker Daltonics,
Bremen, Germany) mass spectrometer, equipped with 50 Hz
pulsed nitrogen laser (� � 337 nm), operated in positive ion
reflectron mode using a 150-ns pulsed ion extraction time
delay, and a 20 kV accelerating voltage. The trypsin-digested
samples were mixed with equal volume of saturated matrix
solution of 2,5-dihydroxybenzoic acid (DHB) in 50% acetoni-
trile/H2O with 0.1% trifluroacetic acid. This mixture (1.5 �l)
was deposited on theMTP 384 ground steel plate, and the spec-
tral data were processed by Bruker Daltonics FLEX analysis,
software version 3.0. A standard peptide mixture (P.N: 206195,
Bruker peptide calibration standard) was used for external
calibration.
LC-ESI-ETD MS/MS—On-line HPLC separation of tryptic

digests of recombinant phosphorylation protein was carried
out on HP1100 (Agilent) at a flow rate of 200 �l/min. The sol-
vent system consisting solution A; 0.1% formic acid in water
and solution B; acetonitrile in 0.1% formic acid was used. Tryp-
tic peptides were separated on a C8 reverse-phase column
(2.1 � 100 mm, 3.5 �m particle size; zorbax 300SB-C8, P.No:
861775–906, Agilent) using a linear gradient of solution B
5–95% achieved in 55 min. The electrospray ionization (ESI)
ETDMS/MS data were obtained on a HCTUltra PTMDiscov-
ery systemwith ETD II (Bruker Daltonics, Germany), equipped
with two octapole and followed by a three-dimensional ion
trap, nCI source for ETD ion generation. Fluoranthene was
used to generate an ionmass of 202m/z andmethane is used as
carrier gas to carry an ion to ion trap. Experimental scan range
used is from 100–2800 m/z in positive ion mode, ETD ms/ms
spectrum is used by using auto ms(n) in Bruker esquire control
software and data are analyzed in Bruker data analysis software.
Acquired ETD-MS/MS spectra were interpreted manually.

Statistical Methods

Statistical comparisons weremade using a one-way ANOVA
test. Experimental values were reported as the means � S.E.
Differences in mean values were considered significant at p �
0.05. All calculations of statistical significance weremade using
the GraphPad InStat software package (GraphPad).

RESULTS

In Silico Analysis

Bioinformatic analysis clearly showed that EhC2PK contains
a functional protein kinase domain as all residues known to be
conserved in protein kinases were present (11). The kinase
domain of EhC2PK shares 46% sequence identity with Ca2�/
Cam-dependent kinases (Fig. 1) and shows the presence of gly-
cine triad, which acts as a flexible clamp that covers and
anchors nontransferable ATP. The conserved Lys residue of
subdomain II (which interacts with � and � phosphoryl groups
of ATP and helps to anchor and orient ATP for catalysis) is at
position 179. The conserved glutamine at position 196 helps in
stabilization of interaction between Lys179 and ATP. Two con-
served residues Asp273 and Asn278 lie within the highly con-
served motif found in Ser/Thr kinases (His-Arg-Asp-Leu-Lys-
X-X-Asn,HRDLKXXN) forming the catalytic loop. The triplets
DFG (Asp293-Phe294-Gly295) and APE (Ala318-Pro319-Glu320),
which helps to orient �-phosphate for transfer, and are
reported to play a role in substrate recognition, respectively, are
also conserved in EhC2PK. The C-terminal conserved motifs
are not found in EhC2PK. The presence of all the essential
motifs showed that the kinase domain should be able to func-
tion as an active kinase. Therefore, subsequent experiments
were carried out with only the kinase domain (residues 150 to
446, 30 kDa) unless otherwise indicated.

Biochemical Characterization of EhC2PK

Analysis of ATP Binding by Fluorescence Spectroscopy—The
kinase domain of EhC2PK was investigated to determine the
number of ATP binding sites and the residues that are involved
in ATP binding. This was needed to generate a kinase-dead
mutant by mutagenesis. We have used fluorescence spectros-
copy along with TNP-ATP, an analog of ATP for these studies.
The two conserved key residues Lys179 and Asp273 needed for

FIGURE 1. Alignment of EhC2PK kinase domain with Hank’s consensus conserved residues for serine/threonine or tyrosine kinase. Conserved residues
are shown in uppercase, and nonconserved positions are denoted by x. o denotes positions that require hydrophobic residues.
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kinase activity (see previous section) were mutated by site-di-
rected mutagenesis to alanine and used in further studies. ATP
binding reduced tryptophan fluorescence of the protein as
reported before (Fig. 2A).With increasing amounts of ATP, the
fluorescence decreased by 43, 40, and 13% for the wild type
kinase domain, D273A mutant, and K179A mutant, respec-
tively. ATP binding was also monitored by using TNP-ATP.
Free TNP-ATP is weakly fluorescent in buffer alone but signif-
icantly high upon binding to proteins; the absolute magnitude
is dependent on the specific protein environment (12). For the
wild-type kinase domain and the D273A mutant, there was a
2-fold increase in fluorescence of TNP-ATP on protein binding
(Fig. 2, B and C). This increase was not seen in the presence of
500-fold excess ATP. The K179A mutant behaved differently,
as there was no significant increase in fluorescence of TNP-
ATP in the presence of the mutant protein (Fig. 2D). These
results suggest that the Lys179 residue is involved in ATP bind-
ing. This was further confirmed by UV cross-linking of
[�-32P]ATP with the purified protein. The wild type, K179A,
and D273A were incubated with [�-32P]ATP and irradiated
withUV (254 nm) in order to cross-link the proteinswith radio-
labeled ATP. While cross-linking of [�-32P]ATP with the wild
type and D273A mutant was observed (radioactive band in
autoradiogram) low level of cross-linking was visible in the case
of K179A, suggesting that K179A mutant is impaired in ATP

binding (supplemental Fig. S1). The affinity of ATP binding to
K179A mutant was found to be much lower than that of the
wild-type protein.
Phosphorylation Activity of EhC2PK—The kinase activity

was tested using histone type III and myelin basic protein
(MBP) as substrates. Phosphorylation of external substrate was
observedwith the wild-type full-length protein (EhC2PK-GST)
(Fig. 3A) and the kinase domain (KD) but not with the kinase-
deadmutants (K179A andD273A) (supplemental Fig. S2,A and
B). The full-length protein (EhC2PK-GST) was enzymatically
active in the presence of Mn2� and phosphatidylserine (PS)
(Fig. 3A), and there was no effect of diacylglycerol (DAG) and
Ca2� on EhC2PK activity unlike conventional PKCs. This is
likely to be due to the absence of the C1 domain in this protein.
On the other hand, the kinase domain alone showed phosphor-
ylation activity in vitro independent of PS. The kinetics of auto-
phosphorylation showed that it reached saturation at about 1 h.
Therefore, all kinase reactions were carried out for 1 h.
Both full-length protein and the kinase domain showed auto-

phosphorylation along with substrate phosphorylation (see
marked bands in supplemental Fig. S2,A andB and Fig. 3A).We
also checked for divalent cation requirement in the phosphor-
ylation reaction (supplemental Fig. S3,A andB). The autophos-
phorylation as well as substrate phosphorylation activities of
the kinase domain were maximum in the presence of 1 mM

FIGURE 2. Analysis of ATP binding by fluorescence spectroscopy. A, intrinsic fluorescence of the wild type kinase domain and the indicated mutants upon
ATP binding by measuring emission at 335 nm. B, fluorescence spectra of TNP-ATP bound to wild-type kinase domain. The fluorescence excitation and
emission of TNP-ATP was at 403 nm and 547 nm, respectively. After recording, excess ATP was added to displace the bound TNP-ATP from the enzyme, which
resulted in decreased fluorescence. C, fluorescence spectra of TNP-ATP bound to the D273A mutant of the kinase domain as in B. D, fluorescence spectra of
K179A mutant bound to TNP-ATP. TNP-ATP and subsequent addition of excess ATP indicate that Lys179 is crucial for ATP binding.
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Mn2� (supplemental Fig. S4). Thus EhC2PK is one among a
handful of kinases that require the presence ofMn2� instead of
Mg2�. In this respect EhC2PK is similar to tyrosine kinases. The
biological significance of this unique divalent cation require-
ment is not clear. The time kinetics of autophosphorylation,
both for full-length protein and kinase domain were similar as
both showed two distinct phases, initial slow followed by a
sharp increase in the rate of phosphorylation leading to a pla-
teau (Fig. 3B). The kinase activity was significantly inhibited by
staurosporine (Fig. 3C), a serine/threonine kinase inhibitor
(13). About 50% inhibition of autophosphorylation was
observed at 150 nM of staurosporine. There was no significant
inhibition of autophosphorylation by genistein (Fig. 3D) at non-
toxic concentrations (14) suggesting that EhC2PK may be a
serine-threonine kinase. The Km and Vmax for ATP were esti-
mated to be 1.4 � 0.43 �M and 66 nmol/min/mg ATP, respec-
tively (Fig. 3E). The value for Km for EhC2PK is lower than that
usually observed for Ser/Thr protein kinases (10–150 �M) (15).
EhC2PK Gets Autophosphorylated at Ser428—The site(s) of

autophosphorylation was determined by mass spectrometric
analysis. In this case, the purified kinase domain was incubated
withATP in phosphorylation buffer without external substrate.
The quality of the purified protein was checked by mass spec-
trometric analysis and the size of the intactmolecule was deter-
mined to be 39.93 kDa, comparable to the expected size of the
protein (supplemental Fig. S5).

Mass spectrometric analysis of the trypsin digest of the auto-
phosphorylated product revealed only one phosphorylated
peptide. Sequencing of the peptide fragment identified Ser428 as

the major phosphorylated amino acid suggesting that this resi-
duemay be the site of autophosphorylation (Fig. 4A). A detailed
study of spectra also revealed the presence of the same peptide
in a non-phosphorylated form, with mass, 80 daltons less than
the phosphorylated one (supplemental Fig. S6). The experi-
ment was rigorously repeated, but our attempts did not yield
any other phosphorylated residue other than Ser428. However,
it is not possible to rule out otherminor phosphorylation site(s)
because the total coverage of the protein with the identified
peptides was 56%.
To confirmmass spectrometry data and to assess the impor-

tance of the phosphorylation site, a point (S428A) and a dele-
tion mutant lacking 40 amino acid residues (KD�C) including
Ser428 were generated. Mass spectrometric analysis confirmed
the identity of the mutant protein (supplemental Fig. S7). The
purified mutant proteins were tested for autophosphorylation,
and the results are shown in Fig. 4B. Both mutant proteins
exhibited a reduction in autophosphorylation activity by about
90% as compared with the wild-type protein. Interestingly the
substrate phosphorylation activity was also reduced, the level of
reduction for KD�C and S428A were 75 and 50%, respectively
(supplemental Fig. S8). A putative phosphomimetic mutant
S428E was also generated and characterized. Time-dependent
substrate phosphorylation of S428A displayed only the slow
linear initial rate of substrate phosphorylation but not the later
phase of increased rate of reaction unlike the wild-type protein.
The phosphomimeticmutant S428E exhibited a linear incorpo-
ration with no initial slow phase. These results suggest that

FIGURE 3. Phosphorylation activity of kinase domain of EhC2PK. A, effect of indicated lipids and divalent cations on autophosphorylation and substrate
phosphorylation activities of GST-tagged full-length EhC2PK. B, time kinetics of phosphorylation activity of kinase domain (black line) and full-length EhC2PK
(gray line). C, phosphorylation activity of the kinase domain in the presence of varying concentrations of staurosporine. D, phosphorylation activity of the kinase
domain in the presence of varying concentrations of genistein. E, Michelis-Menten parameters for wild-type kinase domain of EhC2PK. All kinase reactions were
carried out using recombinant proteins as indicated. Reaction mixture contained 10 �Ci per reaction of [32P-�]ATP.
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autophosphorylation at Ser428 is an important regulator of
EhC2PK activity (Fig. 4C).
Trans-reaction Mediates EhC2PK Autophosphorylation—

Autophosphorylation of the kinase domain can be either
through a unimolecular cis-reaction or a bimolecular trans-re-
action. To check this, phosphorylation reactions were carried
out with GST-tagged kinase-dead mutant K179A (acceptor)
and autophosphorylation dead mutants KD�C and S428A
(donor) (Fig. 4D). When the His-tagged wild type (WT) kinase
domain was incubated with the GST-tagged kinase-dead
mutant (GST-K179A), the latter got phosphorylated. Both
KD�C and S428A mutants were capable of phosphorylating
K179A, but at reduced levels compared with the wild-type pro-
tein (Fig. 4D). Trans-phosphorylation was further demon-
strated by using varying amounts of donor (S428A) and accep-
tor (K179A) mutants. On increasing the acceptor molecules in
relation to a constant level of donor molecules, the autophos-

phorylation of the acceptor increased (Fig. 4E). Small amounts
of autophosphorylation, observed in the donor molecules, was
significantly reduced as the concentration of acceptor mole-
cules was increased. These results suggest that EhC2PK auto-
phosphorylates using a bimolecular trans-reaction and that
phosphorylation of Ser428 is required for optimumkinase activ-
ity of EhC2PK.
Phosphorylation at Ser428 Is Essential for Phagocytosis—The

role of autophosphorylation in RBC phagocytosis was studied
by overexpressing KD�C and S428A mutants in amoebic cells
using a tetracycline-inducible system (16) (Fig. 5A). The over-
expression of the proteins in the presence of increasing concen-
tration of tetracycline was confirmed by immunoblot analysis
(Fig. 5, B and C). Generally phagocytic cups are initiated within
3 min of incubation with RBCs in E. histolytica cells. However,
the process was delayed in cells overexpressing autophosphor-
ylation-defective mutants because no phagocytic cups were

FIGURE 4. Identification and characterization of autophosphorylation site. A, ETD spectrum showing the site and sequence of the phosphorylated peptide.
LC-ESI-ETD MS/MS spectrum of [M�3H]3� precursor ion m/z 714.0 matched z�1, z�2 and c-fragment ions are indicated in the spectra, and in the peptide
sequence, the 9th serine is found to be phosphorylated. * indicates phosphorylated ions. B, autophosphorylation of wild type, KD�C, and S428A mutants in the
presence of [�-32P]ATP. C, time course for substrate phosphorylation activity of purified wild type (dotted line), S428A (dots with dash line), and S428E (solid line)
kinase domain of EhC2PK. D, autophosphorylation of kinase domain of EhC2PK by cross phosphorylation reaction. E, trans-phosphorylation with a constant
amount of donor (His-tagged S428A) and varying amounts of acceptor (GST-tagged K179A).
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observed after 3min of incubation despite RBCs attached to the
trophozoites (Fig. 5D). There was also a significant decline
(35%) in the level of phagocytosis when one of the mutants was
overexpressed in the presence of tetracycline as compared with
the cells without tetracycline or the cells with vector alone in
the presence of tetracycline (Fig. 5E). The reduction was even
greater in cells expressing antisense RNA of EhC2PK (68%).
This may be due to autophosphorylation of endogenous
EhC2PK by mutant proteins. Proliferating cells of E. histolytica
undergo continuous endocytosis (2); therefore it is likely that
the phosphorylated form of EhC2PK will exist in the cells. A
phosphospecific antibody was raised specifically against a pep-
tide containing phosphorylated Ser428. The specificity of the
antibodywas determined by probing purified recombinant pro-
tein, phosphorylated protein, S428A, and dephosphorylated
protein simultaneously with the antibody (supplemental Fig.
S9). The antibody recognized only the phosphorylated form of
the protein and did not bind to the unphosphorylated form of
the protein as indicated by the Western blotting. The results
showed that proliferating E. histolytica cells contain the phos-
phorylated form of EhC2PK (Fig. 5F).

DISCUSSION

Protein kinases are a highly diverse group of proteins that are
involved in the regulation of major cellular processes including
signal transduction. Kinase diversity is a result of different com-
binations of domains and sequence alterations in the kinase
domain (17). EhC2PK is a novel protein kinase containing a C2

domain and a kinase domain similar to Ca2�-Cam-dependent
kinases. Our data also show that EhC2PK requires Mn2� for
optimal kinase activity in vitro, a property displayed by only a
few known protein kinases, such as dual specificity kinase
AtSTYPK from A. thaliana which shows strong preference for
Mn2� thanMg2� (18), kinase domain of EGFR (19), a phosphor-
ylase kinase in which Mg2� causes phosphorylation at seryl
residues while Mn2� causes phosphorylation at tyrosine resi-
dues (20). The biological relevance of such enzymes is not clear,
and more work is needed to understand if there is any Mn2�-
dependent signaling system in this parasite. Interestingly,
sequence features do not indicate anything unusual about this
kinase, and it appears to have most of the features of other
Ser/Thr kinases.
We further show using a dominant negative approach that

autophosphorylation at Ser428 residue plays a regulatory role
in EhC2PK activity. The autophosphorylation in EhC2PK
takes place at Ser428 of C-terminal part as compared with
threonine residues in conventional CaM kinase I and PKCs
(21, 22). Ser428 is not a part of any conserved pseudo sub-
strate motif and belongs to that part of the protein which
does not show any structure. Our attempt to model this
region was not successful because of this property of disor-
derliness. It is likely that lack of structure may make this
region more accessible for autophosphorylation. Our results
strongly suggest a regulatory role of this region in kinase
activity of EhC2PK.

FIGURE 5. Role of phosphorylation at Ser428 during phagocytosis. A, schematic representation of different constructs in pEhHYG-tetR-O-CAT (TOC) used for
subsequent experiments. B and C, cell lines were generated carrying the indicated constructs. Immunoblot analysis was carried out to check the level of
expression of S428A mutant and KD�C proteins in E. histolytica trophozoites upon tetracycline induction. D, cells, with indicated constructs induced with
tetracycline, were incubated with human erythrocytes for 3 min and then were fixed and stained for EhC2PK and actin. Initiation of phagocytosis was marked
by accumulation of actin at the phagocytic cups (marked by an arrow). The cells were double labeled with Alexa488 and TRITC-Phalloidin for EhC2PK and actin,
respectively. E, erythrocyte uptake performed with cell lines as indicated in the presence and the absence of tetracycline. The experiment was repeated three
times independently in triplicates (n � 3 with error bars indicating the standard error). The statistical comparisons were made by one-way ANOVA test. p values
for *, **, p � 0.01,and # are p � 0.05. F, immunoblot analysis of total E. histolytica lysate by phosphospecific antibody.
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It is clear from our previous studies that EhC2PK is involved
in the initiation of erythrophagocytosis in E. histolytica (6). The
requirement of a functional kinase domain was evident when it
was observed that overexpression of the kinase-dead mutant
and the C2 domain alone led to impaired phagocytosis. In this
study, we have further extended our initial observations and
show that autophosphorylation at Ser428 of EhC2PK is critical
for initiation of phagocytosis. The evidence in support of this
comes from both in vitro and in vivo experiments conducted to
identify Ser428 as amajor site of autophosphorylation and using
mutant proteins that lack this site. Importantly, it was observed
that the autophosphorylation event regulates kinase activity of
EhC2PK, suggesting that the kinase activity is controlled
through an autocatalytic event. This is evident from the kinetics
of the phosphorylation reaction where we observed an initial
slow phase followed by a rapid phase. This indicates that kinase
activity is low in the absence of or at low level of autocatalysis
resulting in a time lag before the enzyme becomes highly active.
Many protein kinases require phosphorylation for full activity,
and this modification can be a critical event in the activation of
these enzymes (21, 23). Phosphorylation could be catalyzed by a
second enzyme or it could be consequence of an autophosphor-
ylation reaction (24–28). For EhC2PK, the data suggest that
phosphorylation at Ser428 is the result of a trans-autophosphor-
ylation reaction. This trans-phosphorylationmay be significant
in relation to phagocytosis as there is an enrichment of EhC2PK
upon RBC attachment. Higher density of the enzyme is likely to
promote more trans-autophosphorylation events leading to
activation of EhC2PK above a threshold so that it may initiate
formation of phagocytic cups.
The low Km (1.4 � 0.4 �M) for ATP suggests that EhC2PK

can work optimally at low ATP concentrations once the
enzyme is activated. This is physiologically relevant as the par-
asite may encounter unfavorable nutrient conditions where an
enzyme working at low ATP concentrations will help the para-
site to endocytose nutrients and aid in its survival. Lack of Ca2�

dependence of the kinase activity of EhC2PK activity is consis-
tent with our observation of the precise functions of Ca2� in
phagocytosis. Based on the data presented here and previous
publications, it appears that Ca2� is needed for membrane
attachment of EhC2PK and signal transduction through
EhCaBP1, which is recruited by EhC2PK to the phagocytic cup
in a Ca2�-independent manner.
In conclusion phagocytosis of RBCs in E. histolytica has been

exploited in this study as a system to understand the endocytic
process in molecular detail. Our studies have led to the identi-
fication of a critical residue Ser428 of a novel kinase EhC2PK as
a key regulator of the initiation of phagocytosis through a con-
centration-dependent autocatalytic mechanism. Such a novel
mechanism has not been reported in any other system. Our
work suggests that parasitic protists can be goodmodel systems
to understand the diversity of basic biological processes
because of the increasing availability of essential molecular
tools.
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